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CONTRACTION POTENTIALS (RIGHT QUADRICEPS FEMORIS) IN 

MAN DURING READING^ 

EDMUND JACOBSON and FRANCIS L. KRAFT 
From the Laboratory for Clinical Physiology and TFeZZs College 

Received for publication January 5, 1942 

In 1886, Mitchell and Lews concluded that “the responsive jerk brought 
about by striking a stretched tendon is the most refined measure ve possess of 
deciding as to the tone of muscle.” Since that date, contraction in the quadri- 
ceps femoris, as tested by the knee-jerk, has been used most often and widely as 
an indication of functional as well as organic condition of the nervous system. 
For over half a century various investigators reported on such tests both in the 
lying and sitting postures and in a variety of occupations, including reading 
and writing (Lombard, 1887). However, the loiee-jerk does not readily lend 
itself to precise quantitative determination, because of difficulties mentioned 
previously (Jacobson, 1928). Accordingliq in the present investigation on 
quadriceps activity during reading in the sitting posture, measurements are 
made of action-potentials — or, as we prefer to call them in this instance — con- 
traction potentials. 

One hundred unselected subjects, presumed to be in a fair state of health, were 
tested. They were 39 males and 61 females, ranging in age between 22 and 61 
years, mostly emplo 3 ’’ees in various business occupations.^ The room was semi- 
sound proof and apparently free from apparatus, while unnecessaiy sounds, 
including conversation, were largety avoided. Electrodes were platinum iridium 
wires, 0.011 inch in diameter, inserted perpendicularly to a depth of 11 mm 
Commonlj’- the lower electrode was placed about two inches above the patella 
in the midline of the upper surface of the thigh, while the upper one was placed 
about two inches or a Uttle more above this level. As stated pre^’ioush', the 
continued presence of such fine wires is attended bj’' no noteworthj' subjective 
discomfort and does not act as a distractive. In these respects, as in others, 
electrical measurements have advantages over the older procedure of knee-jerk 
testing. 

Recording is without photographj’-, by means of the Integrating hlyovoltmeter, 

' Re.'id before the American Physiol ogic.al Society, April IS, 1941. 

= Twenty-four were secretaries, G were college professors, 0 were dentists, lawyers or 
doctors, 9 were housewives, 3 were switchboard operators, 4 were advertising agents, S 
were clerks or accountants; the remainder were distributed approximately one per business 
occupation, differing widely from each other. 
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as described previously (Jacobson, 1940), This consists of an a.c. amplifier 
connected with a vacuum tube rectifier and other means'for causing the amplified 
contraction-potentials to charge a condenser in such a way that the magnitude 
of the charge is a measure of the average contraction-potential for the charging 
period. At any instant the total rectifier output is indicated by the position of 
a needle on a meter. Fluctuations of this needle enable the investigator to 
follow the gross variations of contraction in the muscle studied; if the subject 
extends his leg, the needle moves up on the dial accordingly and stays up as long 
as the extension is maintained; but if the muscle is limp and relaxed, the needle 
remains near zero. 

In seeking a quantitative indication of tonus in a muscle as a whole, we are 
led away from the employment of micro-electrodes and of concentric electrodes, 
which were found suitable in the investigation of the electrical activity of single 
fibers or of small groups of fibers discharging as a unit. If it were possible to 
place a pair of concentric electrodes in juxtaposition vith each and eveiy muscle 
fiber in the muscle group tested and so to measure each and eveiy discharge, a 
plot of voltages and frequencies against time for all the fibers would be an ideal 
electrical measurement of contraction in the muscle group. Since this is beyond 
possibility, vire electrodes are inserted into the muscle tissue where an indefinite 
number of fibers discharge variously from instant to instant. Obviously, at 
any instant the p.d. in the electrodes is the resultant from discharges in the sur- 
rounding muscle mass. How far a fiber can be from such a wire and yet affect 
it thus, we do not know. At any rate, total electrification in the muscle is not 
measured, but only the potential differences in the two Avires. To what extent, 
if any, the values vary with the size and length of the wires, the distance apart 
and their locality in the muscle is under investigation. 

For quantitative purposes, it has seemed best to limit the frequency range 
measured. Accordingty, what we measure is a function, vdthin limits, of the 
electrical activity of the many fibers which affect the rivo electrodes inserted 
with a view to obtain a sample of the total activity of the muscle. 

In the present studjq the voltages recorded during muscular contractions can 
be expected to be lower than those reported by most previous investigatoi’s of 
muscular action-potentials for three reasons: first, because the muscles here 
tested are in a state of slight contraction, not far removed from rest, while the 
muscles in experiments preAdousty conducted by others generally have been 
stimulated to contract intensiA’’ety; second, because a.c. amplifiers of limited 
frequencj’ range haA^e been deA^eloped and improved from time to time specificallj- 
to make possible these Ioav Amltage measurements in muscle; third, because at 
any instant under our conditions some fibem contribute positiA’^ely, othei’s nega- 
th’ety, determining a resultant p.d. in the electrodes AA'hich consequent!}' is less 
than the A’oltage recorded Avhen concentric or other electrodes are stationed ap- 
proximately in contact Avith a single fiber; for then, a A'oltage builds up to a 
maximum (i.e., critical) A'alue of discharge for that fiber AA'hereupon a constant 
p.d. can be recorded each time that fiber contracts. 

Each .subject A\-as requested to sit quieth* and to read to himself. The right 
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foot hung freely, while the left rested on a support. The arms held the magazine, 
but were not provided with special supports. The rectified contraction-po- 
tentials were averaged and integrated ever 3 '^ two minutes during a thirt 3 ’- minute 
period of test. No subject had been tested previous^ or had taken a sedative 
or had received any training to relax or knew the purpose of the stud 3 L 
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Fig. 1. Distribution curve of average microvoltages for the thirty minute period of 
test in all subjects, except one. 

Fig. 2. Unbroken lines: Contraction potentials plotted against time in three subjects, 
illustrating ascending, horizontal and descending curves. Broken line: Composite curve 
for 99 sul)jccts. (In this figure each point plotted indicates the average microvoltagc 
for the iircceding 2 min.). 


Tltc results can be presented 1 , as averages of the potential differences for the 
entire lliirty minute period; 2, as curves of the integrated contraction-potentials 
plotted against time. 

In figure 1, the distrilmtion curve of the averaged potentials for the group is 
plotted on a 0.5 microvolt, scale. Evidently the curve is noi-mal in type. Tlie 
values range from 0.5 to -1.5 microvolts with the maximum nunilier of indi- 
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viduals (35) in the range from 1.0 to 1.5 microvolts. One subject (H) has 
been omitted, because his average (19.5) was considerablj’' higher than that for 
the others and could not be included in the graph conveniently. 

The cuiA^es representing the potentials plotted against time can be classified 
in three groups, although in many instances the distinction is doubtful or ap- 
proximate only: 1, those on the whole shovdng a tendency toward increase of 
tension throughout the period — ascending curves; 2, those on the whole showing 
a tendency toward decrease of tension throughout the period; 3, those showing 
ups and downs but on the whole in no particular direction. Selected examples 
of types 1, 2 and 3 appear in figure 2. The curves are approximately descending 
in 26 instances, approximately ascending in 41 instances and more or less hori- 
zontal in 33 instances. Apparentl}’- the first group are more tense at the be- 
ginning of the period, tending to become adjusted as the minutes pass. Another 
group becomes more restless toward the end of the period, perhaps because of 
the necessity to sit still. The third group remains more nearly constant. Con- 
sideration of the three tendencies illustrated in figure 2 is of aid in the interpreta- 
tion of the composite curve shown in figure 2. 

Under the conditions of test, the course of the composite curve for 100 in- 
dividuals over the thirty minute period (not shown in the figures) runs at all 
points between the values of 1.5 to 2.0 microvolts. The highest levels occur 
approximately from 0 to 2 and 26 to 30 minutes, while the lowest level occurs 
from 16 to 18 minutes. From a statistical standpoint, the composite curve 
would be more representative if the figures for subject H were omitted. When 
this is done, the result is shown in the broken line curve in figure 2. Throughout 
its course, it falls in value between 1.4 and 1.8 microvolts. Its highest points 
are at the first and final two minutes, respectivelj’' about 1.7 and 1.8. Its lowest 
point is approximateby at the middle (12-14 min.). The explanation of the 
moderate conca^^ty upwards of the composite curve evident^ is that the higher 
values due to group 1 are reflected in the first portion of the curve, the lower 
values due to group 2 are reflected in the final portion of the curve, while the 
resultant of all three groups tends to bring the composite minimum toward the 
middle of the curve. 

In some instances, following the thirty minute test reported above, an addi- 
tional test was made during a five minute period, but in the lying posture with 
eyes closed. The subject was requested to relax. Some failed to relax, as 
measured by the voltages, but the ability did not alwaj'S correspond with the 
performance while reading, as illustrated in the case of subject H. Upon lying 
down, the values for the five minute period were respectivefy 0.07, 0.15, O.lri 
0.14 and 0,13. These values fall toward the lowest levels commonl.y I’ecorded 
for healthy subjects (not trained) (Jacobson, 1939). Yet, while reading, his 
values never fell below 9.8 and reached as high as 30. Evidenth^ abilit.y to relax 
lying dowm does not necc.ssarily indicate ability to relax when engaged in ac- 
tivities such as reading in the sitting posture, although a tendency toward 
carry-over has been noted in certain subjects upon training (Jacobson, 1942). 
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As interpreted in the light of previous investigations on the knee-jerk, de- 
scending curves would indicate progressive differential relaxation while ascending 
cuives would indicate increasing contraction in the region measured. In this 
group of apparently healthy individuals, a distinct trend toward differential 
relaxation while reading is exhibited onty by a minority. 

CONCLUSION 

A new iriethod of measuring muscle potentials (potential differences in elec- 
trodes in muscle), plotting their values against time, is further illustrated. 
Direct electrical measurements are made of muscular contraction (tonus) in man 
in the -right quadriceps femoris in 100 subjects engaged in silent reading under 
controlled conditions. The composite curve may serve as a standard for future 
investigations under these conditions. 
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BLOOD ELECTROLYTE CHANGES IN THE HEART-LUNG PREPARA- 
TION WITH SPECIAL REFERENCE TO THE 
EFFECTS OF CARDIAC GLYCOSIDES^ 

E. H. WOOD’-* AND G. K. MOE=.* 

From the Department of Physiology, University of Minnesota, Mmneapolis 
Received for publication March 21, 1942 

Knowledge concerning the electrol}’'te and water exchanges of striated muscle 
in association with activity has been greatl}’^ amplified and extended during 
recent j-ears (1, 2). However, evidence concerning electrohTe exchanges of 
cardiac muscle as a result of variation in cardiac activity is for the most part 
indirect and inconclusive. Howell and Duke (3) demonstrated that vagal inhi- 
bition of the dog heart resulted in an increase in the potassium content of the 
perfusion fluid. This finding has been confirmed on the turtle heart (4). 
Kehar, IMcCollum and Hooker (5, 6) showed that ventricular fibrillation of 
hearts perfused through the coronaries caused a loss of potassium from the heart 
and a gain of water. Harrison and co-workers (7) considered the decrease in 
potassium content which the}^ found in human “heart failure” hearts to be due 
to overwork of the cardiac muscle. Cardiac hj'pertrophy may be associated 
with a gain in cardiac water (8) and a loss of creatine, potassium, and phosphorus 
(9, 10). Cardiac hypertrophy in thyroid-fed rats apparentty does not signifi- 
cantly alter the electrolyte composition of the heart (11, 12). There is indirect 
evidence that aspl^xia causes a loss of potassium from cardiac muscle (13, 14). 
Herrmann (15) has failed to confirm this finding by means of direct tissue 
anal 3 ’'ses. The evidence concerning cardiac electrol 5 Ae exchanges resulting from 
the action of digitalis glycosides has been cited (28). 

The conflicting results concerning the effect of therapeutic doses of digitalis 
on cardiac potassium content (16, 17, 18, 19, 20) are probablj'' for the most part 
due to the lack of sensitivity of the methods used to detect relativel}' small 
potassium exchanges. The usual method of paired muscle analj'-ses is not ap- 
plicable to the heart. The utility of direct tissue analyses is restricted there- 
fore to the detection of relatively large e.xchanges since the range of variation in 
the electrohfle composition of the cardiac muscle from animal to animal is con- 
siderably greater than 10 per cent. The method of sampling the heart before 
and after experimental procedures (19) is open to numerous objections. These 
considerations lead to the conclusion that some method of determination of 
concentration changes in the perfusion fluid of the heart under ph}'siological 

* .\n excerpt from .a thesis submitted to the graduate faculty of the Universit}' of^Iume- 
sota in partial fulfillment of the requii'craeuts for the degree of Doctor of Pliilosophy, 
June, 1940. 

-1 lesent address: Alayo Foundation, Rochester, Minnesota. 

’Present address: Department of Plmmiacology, Harvard Medical School, Boston, 
riie authors wish to c.xpress tlieir thanks to Prof. M. B. Visscher for his help and advice 
in the execution and reporting of the research covered in this and the preceding p.apcrs (17, 
21,22,24,27,28.29,30). 
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conditions offers the best possibilities for the determination of relatively small 
cardiac electrolyte exchanges. The difficulties of carrying out such a study in 
an intact animal are considerable. The investigator is therefore forced to use 
some type of isolated heart preparation. Any preparation using saline as the 
perfusion fluid is far removed from physiological conditions. The nearest 
approach to a physiological, isolated heart preparation is the Starling heart-lung 
preparation. The above considerations led us to study the electrolyte and ivater 
equilibria in the heart-lung preparation. Some of the results of these investi- 
gations have been reported in preliminary form (17, 21, 22, 29). 

The results of blood electrolyte studies carried out on a series of heart-lung 
preparations with and without the administration of a cardiac glycoside are 
reported in this paper. 

Methods. The heart-lung preparations were set up as described by Peters 
and Visscher (23). External diastolic volume, arterial pressure, and ox 3 ’-gen 
consumption were recorded continuously in most of the preparations. External 
output and heart rates were recorded at frequent intervals throughout the 
expermient. 

Blood samples were taken at the beginning and at intervals for the duration of 
the preparation, and the serum analyzed for potassium b}^ a modification of the 
silver cobaltinitrite method of Breh and Gaebler (24). Whole blood potassium, 
glucose, cell volume, and serum sodium, calcium, and chloride anah’’ses were also 
carried out in part of the experiments. 

The expeilments have been controlled and amplified bj^ additional experiments 
with the completely isolated heart-oxj'genator preparation (25) and with com- 
pletely isolated, blood perfused, artificiallv respiring lungs. 

In a few experiments serum potassium analj'ses of samples from blood kept 
in a tonometer in the heart-lung constant temperature bath were carried out at 
identical inteivals along with the similar analyses of the circulating heart-lung 
blood. 

Vaiying doses of a digitalis gh-coside (usually one of the pure glj’-cosides of 
Digitalis lanaia, Lanatoside A, B or C) were given to the majority of the prepara- 
tions studied; the remainder, receiving no drug, served as controls. 

The heart-lung or completely isolated heart fails progressively from the outset. 
This failure is characterized liy a decrease in the mechanical efficiencj” of the 
heart, so tliat as the heart fails it continuallj^ liberates greater amounts of energ^' 
to perform the same amount of work. If such a heart is kept at constant e.x- 
ternal diastolic volume bv continuoush’- reducing the venous return, the 
external work of the preparation progressively decreases while the total enero-v 
liberation (oxygen consumption) remains constant as predicted by Starling’s 
diastolic volume law (25, 2G). If a suitable dose of a digitalis glycoside is admin- 
istered this ]n-ocess of progressive failure is arrested or reversed and an increase in 
tiio external mechanical efficiency of the preparation occurs (23, 25). Depending 
upon the dose of glycoside, the period of increased efficiency is maintained for a 
time and then the heart again fails, either maintaining its normal rh^Mim (thera- 
peutic dose) like an untreated heart, or developing sudden tjTjical digitalis 



Potassium -mqni % Heart Rate' Beats/Min. 
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irregulai-ities with rapid failure (toxic dose). In the experiments reported here 
toxic and therapeutic doses of digitalis are defined on this basis (25) : A toxic 
dose of a digitalis glycoside is one Avhich produces cardiac arrhj’-thniias in the 
heart of the heart-lung preparation. A therapeutic dose is one which rvill in- 
crease the external mechanical efficienc}’’ of the heart-lung heart Avithout the pro- 
duction of cardiac arrhythmias ndthin a period of 150 minutes after administra- 
tion of the drag. 

Results. Serum potassium concentration changes haA^e been folloAA^ed in 
75 heart-lung and isolated heart preparations and in a number of control e-xpeii- 
ments. In some of these experiments aaIioIb blood potassium, glucose, cell 




Minutes Duration oF Preparation 


Fig. 1, Heart-lung preparations which received “toxic doses’’ of Lanatoside A 
Dog weight 


A 

B 

9.10 kgm. 

10.5 kgm. 

. 235 grams 

215 grams 

102 grams 

98 grams 

1535 cc. 

1315 cc. 


Amlume, and seinm sodium, calcium, and chloride anab’-ses haA'^e also been carried 
out. 

The results of the anal 5 '’ses and the e.xternal mechanical efficiency of the prep- 
aration are plotted against the duration of the preparation for tj'^pical e.xperi- 
ments in figures 1 and 2. 

Control experiments. In experiments AA'ithout digitalis, Avhole blood and serum 
potassium u-sually increase A^ery slightly during the first tAA'o hours of the c-xperi- 
ment and then increase at a someAA'hat faster' rate for the duration of the prepara- 
tion. This terminal increase in the rate of serum potassium increase is usually 
associated Arith seA-ere pulmonai'j’' edema AA'hieh is the probable causatwe factor. 
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Cell volume increases slowly throughout the experiment due to hemoconcentration 
resulting from the progressive formation of cardiac and pulmonarj’- edema. 
Serum sodium, chloride, and calcium usually remain essentially constant, \Yhile 
blood glucose falls progressively throughout the experiment. The external 
mechanical efficiency of these preparations decreases continuouslJ^ 

Digitalis glycoside experiments. Typical observations are sho^vn in figures 1 
and 2. In these experiments the control periods before administration of the 
drug were similar in all respects to the conti'ol experunents. When compared 


A e> 



Serum Potassium • • 

Serum Sodium O 


Fig. 2. Heart-lung preparations which received: A, a “therapeutic dose” of Lanatoside C; 

B, a “toxic dose” of Lanatoside B. 


Dog weight 

Final lung weight 

Final ventricular weight 
Final blood volume 


A B 


. I. 

.... 12.3 

kgm. 

7.95 kgm. 


.... 182 

grams 

440 grams 


... . 88 

grams 

76 grams 


.... 1382 

cc. 

1390 cc. 


to the control experiments administration of the digitalis glycosides had verv 
little effect on the changes in cell volume, blood glucose, serum chloride, or 
calcium. The serum sodium showed no change except when very large doses 
were used when it usually declined. In contrast to these negative findings the 
blood potassium showed significant and quite uniform changes. 

In the experiments receiving toxic doses of a digitalis glycoside there was a 
marked increase in whole blood and serum potassium. Preparations recei^dng 
therapeutic doses usually show a slight increase over control experiments in the 


Glucose mqm. % 
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rate of increase of seium potassium. Therapeutic or toxic doses of these gly- 
cosides arrested or re^'■ersed the progressive fall in mechanical efficienc}’’ for 
periods of vaiying duration. Nearl}’^ all these preparations rvere kept at constant 
external ventricular diastolic volume for approximate!}’' the first two hours of 
the experiment. Therefore in untreated preparations the work output of the 
heart was continuous!}'' decreasing throughout this period. In treated prepa- 
rations this same decreasing work output occurred during the control period but 
therapeutic or toxic doses of a digitalis glycoside were followed by a substantial 
increase in the work output of the heart. This fact ma}' possibl}’ have a bearing 
on the potassium exchanges which occur, since Fenn (31) has shown that potas- 
sium lost from striated muscle during contraction varies directl}’- with the amount 
of tension developed. The heart rate usually remained essentially constant 
throughout the untreated and therapeutic dose e.xperiments. The arrh}dhmias 
and consequent rate changes which follorv toxic doses of digitalis glycosides 
usually do not occur until relatively late in the experiment. 

The relative total cardiac and blood content of sodium, chloride, calcium, 
water, and potassium are such that only potassium exchanges can be satisfac- 
torily analyzed by means of blood concentration changes. Sodium, chloride, 
and water exchanges can be more satisfactorily studied by means of direct tissue 
analyses (28). Therefore only the potassium exchanges which occurred will be 
considered in more detail. 

The following calculations based on the serum and whole blood potassium 
analyses have been carried out in an attempt to obtain information concerning 
the following problems: 1. Do therapeutic as well as toxic doses of digitalis 
glycosides cause an increase in blood potassium? 2. Js the magnitude of the 
serum or blood potassium increase proportional to the dose of the digitalis 
glycoside? 3. Is the blood potassium increase a result of the toxic actions of 
these drugs or is it related to their cardiac efficiency increasing effect? 4. What 
are the absolute and relatir'e irotassium mobilizing, efficienc}^ increasing, and 
toxic powers of the individual glycosides studied? 5. Does the increased blood 
potassium originate from the heart, the lungs, or both? 

Any attempt to approach a quantitative comparison of potassium exchanges 
based on blood potassium concentration changes in this type of experiment must 
allow for such variables as blood volume, duration of experiment, and the size 
of heai't and lungs. To avoid this difficulty total blood potassium increases were 
calculated by multiplying the increase in the blood concentration of potassium by 
the total blood volume. Blood potassium increases were then expressed as rates 
of blood potassium increase in terms of milligrams of potassium per gram of initial 
ventricular weight per hour. The initial ventricular weight was calculated from 
the final ventricular weight by subtracting the weight of the edema fluid as 
calculated from chloride analyses or from the lung edema-cardiac edema corre- 
lation curve (27). Since there is a good positive correlation between lung weight 
and heart weight, expressing exchanges on the basis of heart weight also avoids 
most of the potassium exchange variation which could be expected from A'aria- 
tion in lung weight. IMost of the potassium exchanges have been calculated on ■ 
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the basis of serum potassium concentration changes, since it is difficult to correct 
whole blood potassium concentration changes for changes in cell volume result- 
ing from hemoconcentration. Serum potassium exchanges undoubtedlj’’ include 
some potassium lost from the red cells, since serum potassium concentration 
usually increases slightly in samples of stirred blood. This movement of po- 
tassium from the red cell to the serum is apparently small, however, and not af- 
fected by the digitalis concentrations used in these experiments. When 
serum potassium concentration is increasing relatively rapidly, the increase in 
whole blood potassium concentration tends to lag, due to the delaj^ in the dis- 
tribution of the added potassium across the red cell membrane (figs. 5 and 6). 

Only the potassium exchanges which occur during the period of increased 
efficiency due to the glycoside will be considered in detail. Exchanges occurring 
in this period are probably of the greatest significance, since this period is 
relatively early in the life of the preparation when the complicating factors of 
cardiac and lung edema are at a minimum. The importance of these obser- 
vations lies in the following: If the serum potassium increases accompany the 
therapeutic action of digitalis it is possible that mobilization of tissue potassium 
may be related to the therapeutic action of the drug. 

In an attempt to determine the effect of therapeutic doses of digitalis glycosides 
on the serum potassium, potassium exchanges have been calculated for the ten 
experiments which received therapeutic doses of Lanatoside C or Ouabain. 
The results of these calculations with the pertinent data for each experiment 
are given in table 1. As a control for these results, the same data are given for 
comparable periods from 12 experiments which received no drug (table 2). 
The average ’(’■allies and range of variation of the potassium exchanges of these 
experiments and also from 21 experiments which received toxic doses of a dig- 
italis glycoside are given in table 3. These tables indicate that therapeutic 
glycoside doses cause a small but apparentlj'- significant increase in the rate of 
serum potassium increase over the control preparations. The approximate 
probable error of a blood serum potassium analysis is 0.25 mgm per cent (2, 24). 
Ventricular tissue analj’ses of therapeutic dose hearts also indicate a loss of 
potassium from these hearts (28). It should be pointed out that the differences 
between the rates of blood potassium increase of the control and therapeutic 
dose experiments would Ije more evident if longer periods of drug action were 
chosen. The period of duration of the drug action studied was limited to the 
time during which the external mechanical efficiency was increased over the 
efficiency which was present before the drug action. 

Toxic doses of a digitalis glycoside cause a very large increase (15-fold) 
in the rate of senim potassium increase even during the efficiency increase period 
of the drug’s action when as yet no major toxic effects are detectable. 

The averages and extremes for the calculated potassium exchanges during the 
efficiency increase period and other ]iertinent data for the experiments -with 
Lanatosidcs A, B and C are given in table 4, along with similar data from com- 
liarablc periods of control experiments and from the control periods of the drug 
experiments. The data included in table 4 show conclusivelv that the pure 
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glycosides of Digitalis lanata cause a highly significant increase in the blood 
potassium content of the heart-lung preparation. 

The rate of blood potassium gain has been plotted against the total dose of 
the dnig (expressed as milligrams of drug per 100 grams of initial ventricular 
weight) for each experiment. The results for the experiments with Lanatoside 
A are shown in figure 3. The correlation coefficients between dose and rate of 
blood potassium increase has been calculated® for each of the Lanatosides with 
the following results: Lanatoside A, 0.873 ± 0.163; Lanatoside B, 0.853 ± 
0.151; Lanatoside C, 0.959 dz 0.100. These correlation coefficients are statis- 

TABLE 1 


Effects of cardiac glycosides on the heart-lung preparation: blood potassium mcrcase during 
the period of increased efficiency produced by therapeutic doses of cardiac glycosides in 
relation to the amount of drug and the efficiency increase 
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tically Ifighly significant, indicating a positive correlation between the rate of 
blood potassium increase and the dose of each glj’-coside. The slopes of the 
correlation lines for indmdual glycosides are significant!}^ different, showing 
that each of the glycosides studied has a characteristic potency in producing an 
increase in the semm potassium of the heart-lung preparation. The correlation 
coefficients obtained when the dose of the drug was e.xpressed in terms of blood 


* The correlation coefficients were c.i]culated as described b}-- Fisher (33) .without the use 
of Sheppard’s adjustment. The calculated standard deviations were corrected for the size 
of the sample. 
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concentration were slightly smaller in each case, an indication that in the 
heart-lung preparation the effects of these glycosides are determined more by 
by the amount of drug per unit of tissue than b5’’ the concentration of the drug in 
the perfusion fluid (25). However, the difference between the correlation co- 
efficients in the individual case was not statistically significant. 

TABLE 2 

Heari-lung -preparations 
Control experiments (no drug) 


Comparable control periods for the efBciency increase periods of the therapeutic dose 
experiments. (50 min. period from SO to 130 min. after the start of the preparation). 
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TABLE 3 

Ai'crapo serum potassium changes during the period of increased cardiac efficiency produced 
hy cardiac glycosides and in comparable control periods in heart-lung preparations 



1 NUMBER OF 
EXPERT' 
MENTS 

MGU. PER 100 CC. 

SERUM POTASSIUM GAIN: 
MGM./GM. of \'ENTRICLE/fiOUR 

No drug 

12 

0.07 (-0.3-0. 6) 
0.4 (0.3-0. 5) 
0.66 (0.0-1. 8) 
3.2 (1.5-9. 5) 

0.041 (-0.080-0.179) 
0.092 (0.074-0.190) 
0.242 (0.0 -0.744) 
0.600 (0.285-1.12) 

Subminimal dose 

2 

Tliern politic dose 

10 

Toxic dose 

21 


The available data do not allow a direct answer to the question of whether’ 
the semm potassium increases are related to the toxic, the therapeutic, or both 
types of digitalis action in the heart-lung preparation. Y^ry probably the 
possible effects of thebbseiwed seram potassium increase on the function of the 
heart and lungs are mainly related to the rate of or total loss of potassium from 
the tissues or to local concentration changes rather than to the circulating semm 
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potassium concentration levels. This concept is supported by the fact that 
little or no correlation was found between the serara potassium concentration 
levels and the therapeutic or toxic actions of these drugs and also bj’’ experiments 
in Avhich the serum potassium concentration was increased b}’’ injection of an 
isotonic solution of potassium chloride (29). In order to compare the calculated 
seiTim potassium exchanges with the toxic and therapeutic actions of these drags 

TABLE 4 


Efecls of cardiac glycosides on the heart-lung preparation: blood potasshim increase during 
the period of increased efficiency produced by cardiac glycosides in relation to dose 

and efficiency increases* 
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• Bracketed figures extreme values, unbracketed figures a\-erage values, t Comparable control periods for Xana- 
toside B nnd C experiments, t Comparable control periods for Lanatoside A e.xperiments. 


it is necessaiy to devise some means of quantitating these toxic and therapeutic 
'actions. 

Tlie therapeutic activity of tlie drags studied in these experiments consists 
of their ability to produce an increase in the external efficiency' of the heart-lung 
])reparation. This ability may be measured for any of the drags used by deter- 
mining the amount of efficiency increase per unit of the drag or by determining 
the minimum dose of tlie drag Avliich will arrest or reverse the decrease in ex- 
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ternal efficiency of the preparation. As might be expected from the variations 
in degree of failure, etc., in different preparations, the amount of external effi- 
ciency increase per unit dose of a digitalis glycoside i^aries considerably from 
experiment to experiment. The minimum efficiencj’’ increasing dose however is 
considerably more constant and has been adopted by IN'Ioe and Visscher (25) as 
a means of measuring the relative therapeutic activities of these drugs. 

The toxic digitalis action manifested in these expeiiments consists of the 
production of various . t 3 ^pes of cardiac irregularities (various tj'^pes of block, 
auricular or ventricular asifstole, aberrant rhythms and extrasj'^stoles, ventric- 
ular systolic arrest, and atrial or ventricular fibrillation). The most convenient 
measure of the toxicity of the dose of a glycoside used for any experiment is the 
duration of drug action before the onset of cardiac irregulaiities. 



g TOTAL DOSE OF LANATOSIDE A MGM./lOO GM. OF INITIAL VENTRICULAR WEIGHT 

Fig. 3. Heart-lung preparations. Relationship of the total dose of Lanatoside A. to the 
blood potassium increase during the period of increased external mechanieal efficiency 
produced bj" the ghxoside. (All doses “toxic,” average duration of glj'coside action: 
59 minutes.) 

If the serum potassium increases resulting from digitalis action were directlj^ 
related to the irregularity producing action of these dimgs, it might be expected 
that a correlation would exist between the time for the onset of these irregularities 
and the rate of serum potassium increase during the latent period of irregularity 
production. This possiliility has been tested by plotting the duration of dm'g 
action before the onset of cardiac irregularitiesagainstthe rate of serum potassium 
increase during this period. The correlation coefficient, calculated from the 
20 experiments in which irregularities occurred after administration of one of the 
Laiiatosides, was —0.303 ± 0.224. This correlation coefficient would occur in 
approximately one out of every fiim 20-sample trials because of errors in random 
sampling alone. Apparently little if any correlation exists between these two 
actions of the digitalis gl.ycosides studied. 
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If the seram potassium increases are related to the efficiency increasing action 
of the digitalis glycosides a correlation might be expected to exist between the 
magnitude of the efficienc.y increase and the rate of serum potassium increase 
during the efficiency increase period. The increase of external efficiencA’’ has 
been plotted against the rate of semm potassium increase for both the toxic and 
therapeutic dose Lanatoside experiments (fig. 4). Reference to figure 4 shows 
that the increases in efficiency and increases in potassium liberation are con- 
comitant phenomena. The correlation coefficient calculated from these data 
is 0.790 rfc 0.123, indicating that a statistically significant positRe correlation 
exists betAveen these two actions of the digitalis glycosides studied. 

In these heart-lung preparations it has been found that the product of the 
initial dose of any one digitalis glycoside and the duration of drug action before 
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Fig. 4. Heart-lung preparations. Relationship of the blood potassium increase during 
the period of increased external efficienc 3 ' produced by the gb'coside to the increase in 
external mechanical efficiency of the heart. 


the onset of cardiac irregularities is approximatelj’’ constant. Each glycoside 
studied had a characteristic “dose-irregularity constant” Ayhich is an inA''erse 
measure of the drug’s to.xicitA’' lot’ the heart lung preparation. 

The potassium mobilizing poAver of each glj’-coside has been calculated by 
dh iding the aA'erage rate of potassium increase in the experiments carried out 
A\*ith each glycoside the aA’'erage dose of the glycoside. The relatRe potencies 
of the different glj’-cosides studied in producing A’-arious toxic and therapeutic 
o ccts haA'e been compared (table 5). Table 5 indicates that in the heart- 
ung pieparation the relath'e toxicities of these glycosides correspond poorl}’’ 
efficiency increasing powers, and that their relatRe potassium 
mobilizing poAver corresponds someAvhat more closely to their relative efficiency 
inci easing actiAuty than to their I'elatiA'e toxicities. 
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The evidence presented is of an indirect nature but it uniformly indicates 
that the liberation of potassium from the tissues in the heart-lung preparation 
by digitalis is more closely related to the therapeutic efficiency increasing effect 
than to the toxic irregularity producing action of the glycosides studied. 

The problem as to the source of the increased blood potassium resulting from 
digitalis action in the heart-lung preparation has been attacked from several 
different angles and the results allow definite conclusions. Ventricular mus- 
culature analyses (28) clearly show that at least part of the potassium is liberated 
from the heart muscle. Additional proof of this obtained from experiments 
on the completely isolated heart preparation. In this preparation digitalis also 
causes an increase in blood potassium (fig. 5). The only possible source for the 
increased blood potassium in this tj^ie experiment is the heart muscle. 


TABLE 5 

Relative toxic and therapeutic potencies of cardiac glycosides 




ABSOLUTE VALUES 

1 


RELATIVE VALUES 



Lanatosides 

K. stroph. 

1 Lanatosides 

K 


A 

B 

C 

A 

B 

c 

Stroph. 

Minimum lethal dose (mgm. 
per kgm.) Cat 

0.32 


0.23 


1.20 

1.00 

1.33 


Dose-irregularity constant* 
Heart-lung — ’ 

0.88 


0.19 

0.077 

1.21 


5.57 

13.7 

Minimum efficiency dosef 
Heart-lung V; 

0.857 


0.097 

0.048 

2.03 

1 1.00 
1.00 

17.9 

36.4 

Potassium mobilizing powerf 
Heart-lung 



1.58 

3.66 

1.92 

1.00 i 

10.8 

24.9 


* (Dose X minutes drug action before irregularities) /lOO. 
t Milligram of drug per 100 grams of edema corrected ventricular weight, 
t Milligram of serum potassium increase per gram of ventricle per hour per milligram of 
drug. Cat lethal dose data taken from Kaplan and Visscher (19-10). 

That part of the increase in blood potassium resulting from digitahs action on 
the heart-lung preparation originated from the lungs can be deduced by 
comparing the average loss of venti-icular potassium determined by tissue 
analyses (28) trith the much gi'eater average total increment in blood potassium. 
Experiments with completely isolated, artificially respiring, blood perfused 
lungs show that in these preparations digitalis glycosides can cause a large 
increase in blood potassium content (fig. 6) which must originate from the lungs. 

In a number of experiments the initial lung potassium level has been deter- 
mined by removal of a lobe of the lung for anab'sis at the start of the preparation. 
A knowledge of the total blood potassium increment coupled vdth cardiac and 
lung anab’ses at the end of the preparation allow a calculation of the approximate 
potassium exchanges between the blood, the heart and the lungs which occurred 
during the experiment. Calculations based on this type of experiment indicate 
that in control experiments practically all of the relatively small blood potassium 
increment originates from the lungs. 
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Fig. 5. Completely isolated heart preparations which received: A, no drug; B, a 

“therapeutic dose” of Ouabain 


A 

Dog weight 9.10 kgm. 

Final ventricular weight 68 grams 

Final blood volume 1400 cc. 


B 

23.0 kgm. 
213 grams 
1400 cc. 



0.0 100 200 0.0 100 200 


Minutes Duration ot Preparation 

Fig. 0. Completely isolated perfused lung preparations which received: A, no drug; B, 

“to.xic dose” of Ouabain 


A B 

Dog weight 10.8 kgm. 27.0 kgm. 

Final lung weight 1S5 grams 710 grams 

Final blood volume 1200 cc. 1230 cc. 


fim 
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In experiments receiving toxic doses of digitalis glycosides both the heart and the 
lungs lose considerable amounts of potassium, the loss from the lungs frequently 
accounting for more than half of the total blood potassium increment. These 
calculations are based on the assumptions of a normal lung weight to bod}^ weight 
ratio and the homogeneit3’' of the lung tissue potassium content, so that thej^ are 
of little value as a means of calculating quantitative exchanges. 

-Discussion. The similarit3’' that exists between the water, potassium, and 
sodium content of voluntar3’- and cardiac muscle cells ( 30 ) lends considerable 
support to the view that the electrolyte and water exchanges which result from 
voluntary muscle activit3'^ ma3’' also result fi'om cardiac muscle activit3'^. This 
concept gains indirect additional support from the present studies on the effects 
of cardiokinetic gl 3 '^coside 3 on the electrolyte metabolism of the heart-lung 
preparation. 

The digitalis-electrolyte studies carried out on the heart-lung preparation 
confiim in most respects previous investigations carried out with other type 
preparations. The lack of sensitivity of the methods used in the earlier studies, 
however, precluded the determination of the relatively small potassium ex- 
changes which might be expected to result from smaller doses of digitalis. The 
present studies, although the3’’ do not offer incontrovertible proof, show that in 
all probabilit3’- “therapeutic doses” of di^talis in the heart-lung preparation 
cause the same t3pe of electrotyte and water exchanges as those, which result 
from toxic doses of digitalis, the onl3' essential difference being in the magnitude 
of these exchanges. The cardiac muscle cell electro^de exchanges resulting 
from digitalis action are apparently almost identical with the voluntaiy muscle 
cell electrol3de exchanges resulting from contraction, namely, a loss of muscle 
cell potassium in exchange for an equivalent amount of sodium ( 28 ). 

The cause of these cardiac muscle cell electrol3de exchanges is a matter of 
speculation. It has lieen conclusive^ demonstrated that digitalis has direct 
effect on the contractile power of cardiac musculature, increasing the amount of 
tension developed during a contraction, the capacit3'' for work output and the 
fraction of the total energ3'’ liberated which is converted to work (mechanical 
efficiency). Fenn ( 31 ) has shown that the amount of potassium lost from volun- 
taiy muscle cells during activit3'- varies direct^ vdth the amount of tension de- 
veloped. It does not appear unreasonable to postulate that the potassium loss 
from cardiac muscle during digitalis action may result from increased cardiac 
activity (increased work output and tension developed), i.e., the therapeutic 
action of digitalis. Such a postulate based upon the correlations found between 
therapeutic digitalis effects (increased work output) and tissue potassium mo- 
bilization and the similarities between the electrolyte composition of cardiac and 
voluntary muscle appears to lie one of the simpler, logical interpretations of the 
results obtained in this stud3’. 

The actual cause of the potassium loss from muscle cells during contraction 
remains, as yet, an unsolved prolilem. E^ddence is accumulating ( 1 ) which 
indicates that potassium loss from muscle ma3' be connected with the funda- 
mental cnerg3' liberating processes of muscle contraction. That digitalis in 
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some manner effects these processes, and that potassium loss from the muscle 
may be connected mth this action of digitalis does not seem unlikely. 

The concept that potassium loss from cardiac muscle is purely a toxic mani- 
festation of digitalis action as postulated by several investigators is not supported 
by these studies. Therapeutic digitalis effects as well as the toxic effects are 
accompanied by increased rates of senim potassium increase. Little if any 
correlation can be found between rates of seram potassium increase, total semm 
potassium increase, or serum potassium concentration and the toxic digitalis 
effects. Guttman and Cattell (32) have shown that increase of the potassium 
concentration at the surface of striated muscle cells wall, under special circum- 
stances, produce an increase in twitch tension similar to that produced by oua- 
bain. They found that increased extracellular potassium did not cause the 
decreased efficiencj'' of contraction (toxic effect) resulting from digitalis action. 

The toxic and the therapeutic actions of a drug are in manj'' instances gra- 
dations of the same fundamental actions. From this point of view, therapeutic 
doses of digitalis produce cardiac potassium exchanges which are in a sense 
comparable to those occurring in normal voluntaiy muscle contractions, while 
toxic doses of digitahs produce losses of cardiac potassium which are comparable 
to the potassium loss from voluntar}’’ muscle which occurs when the muscle is 
stimulated to exhaustion. 

The actual cause of the toxic digitalis effects (arrhythmias) seen in these 
experiments has not been elucidated; however, these effects do not appear to be 
produced by changes in the distribution of potassium alone. 

SUMMARY 

The effects of digitalis glycosides on blood electrolyte levels have been studied 
in 75 heart-lung preparations and in a number of control experiments. In some 
of these experiments whole blood potassium, glucose, cell volume, and semm 
sodium, calcium, and chloride analyses have also been carried out. These 
anatyses and calculations based upon these analyses lead to the folloudng con- 
clusions: 1. In an untreated control heart-lung preparation a variable degree 
of hemoconcentration, a tendency for a slow increase in semm potassium, and a 
progressive fall of blood glucose occur. Constant changes in serum, sodium, 
calcium, and chloride were not found. 2. Suitable doses of digitalis cause con- 
comitant increases in external mechanical elBciencj’’ and blood and semm po- 
tassium along until a questionable decrease in serum sodium. Significant 
differences from the untreated preparations were not demonstrated in the other 
blood components studied. 3. Therapeutic doses of digitalis gtycosides pro- 
duce relatively small but apparently significant increases in seram potassium. 
4. A positive correlation was demonstrated between the total dose of a digitalis 
gh'coside and the rate of seram potassium increase both during the efficiency 
increase period and for the duration of the drag’s action. 5. The increased 
external efficienej^ and increased rate of potassium liberation which occur after 
suitable doses of digitalis are concomitant phenomena but a simple relationship 
between these two actions of digitalis on the heart-lung preparation is not evi- 
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dent. 6. Little if any correlation was found between the time of onset of dig- 
italis irregularities and the rate of serum potassium increase or the potassium 
concentration of circulating serum. 7. The relative potassium mobilizing 
powers of the glycosides studied correspond somewhat more closely to their 
relative therapeutic activities than to their relative toxicities for the heart-lung 
preparation. 8. An increase in blood and serum potassium results from the 
action of suitable doses of digitalis gh’^cosides in both the completelj’’ isolated 
heart and the completely isolated lung preparations. 9. The increased blood 
potassium resulting from digitalis action on the heart-lung preparation orig- 
inates from both the heart and lung tissue. 
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In the assay of substances wliich depress gastric motilit}’’ authors have been 
careful to state whether or not such substances affected body temperature. It 
seems to be the consensus of opinion that slight elevations of body temperature 
do not affect gastric motilit 3 '-, while considerable elevations will depress it (2, 9, 
10, 12). It seems to us that, in the light of our present findings, tins opinion 
ought to be re^^sed. Our present work was prompted b}”" a number of observa- 
tions on dogs in winch subfebrile doses of p 3 U' 0 genic substances were followed 
b 3 ' more or less profound and prolonged inhibition of gastric motilit 3 ’' (13). 

The mechanism of gastric inhibition following elevation of bod 3 ’- temperature 
is not known. Local diatherm 3 ' of the stomach of dogs did not inhibit normal 
motility, although intragastric temperature was raised by 0.6° and 1°C. (1). 
On the other hand, exposure of dogs to high environmental temperatures was 
followed by inliibition (2, 3). Me 3 ’'er and Carlson (2) produced fever of 39.4 
to 40.6°C. in dogs b 3 ’' injections of sodium nucleate, peptone Witte and a vaccine ' 
of B. prodigiosus; absence of hunger contractions and gastric aton 3 ' were ob- 
served. Temperature elevations of onl 3 '' 1 or 2 degrees above the normal had 
little or no effect. Inliibition of intestinal motilit 3 ’' hy p 3 n’ogenie substances has 
been reported b 3 '- various authors, but bod 3 ’- temperatures were not stated (4-6). 
Section of the vagus nerves abolished gastric inhibition folloMng the injection 
of P 3 'rogenic substances, although temperature reactions occuri’ed (2). Various 
bacterial to.xins did not affect strips of the dog’s stomach (2). These observa- 
tions point to a central mechanism for inhibition. On the other hand, the 
findings of Faber and others, on the occurrence of gastritis in infectious disease 
points to local toxic effects on the gastric mucosa (7). 

In the human a slight elevation of bod 3 ’' temperature ma 3 '' or nia 3 ’ not depress 
gastric motilit 3 ' depending, apparent^’-, not so much on the elevation of bod}' 
temperature, liut on the nature of the agent producing fever. Thus Beaumont 
reported among his oliservations on Alexis St. IMartin that “in febrile diathesis 
or predisposition from whatever cause . . . the villous coat becomes sometimes 
red and diy, at other times pale and moist, and loses its smooth and health}' 
appearance” (8, p. 107). Carlson, reporting about his subject with a gastric 
fistula, Fred Week, “he has had a few attacks of mild gastritis, in three cases 
associated with nose and throat colds with some temperature. During these 
attacks, the empty stomach remains "somewhat atonic with complete absence of 

’ Aided by the new A. B. Kiippcnhcimer Fund. 
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the hunger contractions.” Carlson has taken records on himself during two 
attacks of cold and tonsillitis with antrum infection; these “did not completely 
abolish the hunger contractions except when sufficiently severe to induce eleva- 
tion of the body temperature,to 101 or 102°F.,” (38.3 or 38.9°C.), (9, p. 279). 
Meyer has reported more or less normal hunger contractions in most of his sub- 
i ects suffering from various degrees of pulmonary tuberculosis. In these patients 
body temperature during the experiments varied between 37.2°C. and 38.3°C. 
(10). On the other hand, Rupp, who induced fever in liimself and other subjects 
bj’- injections of typhoid vaccine and sodium nucleate, found that when the 
temperatm-e elevation reached 37.8 to 38.9°C. the strength or duration of the 
hunger contractions showed practically no deviation from the normal, but 
elevation of temperature between 40 and 40.5°C. usually rendered the empty 
stomach atonic (9,'p. 286). 

Experijiental procedures. Normal healthy dogs were given stainless 
steel gastrostomy cannulas- in an aseptic operation and allowed to recover for 
two weeks. The animals were kept on a diet consisting of a commercial dog 
food containing meat, fat, rolled oats and vegetables, to wliich bone meal, 
brewers’ yeast and cod hver oil were added. Once a week the animals received 
an ounce of dried ox blood with their diet. The dogs were healthy and of good 
appearance, most of them gaining weight. All animals had been in the labora- 
toiy for periods of six months to two years. The dogs were trained to lie on a 
padded table unrestrained, vith their eyes covered. They were accustomed to 
intravenous injections and to the taking of rectal temperatures. Food but not 
water was withheld for 18 hours before each test performed once, and rarelj’’ 
twice, a week. A balloon was introduced into the stomach and connected to 
a manometer filled with an oil carbon tetrachloride mixture with a specific 
gravity of 1.5. The balloons were inflated gently with air to a water pressure 
of about 8 cm. Kjmiogi-aph records of gastric motility were taken over periods 
of 4 to 8 hom-s. In order to obtain vigorous and continuous gastric motility, 
small doses of prostigmine^ were injected subcutaneously 30 minutes before the 
beginning of the experiments, when the stomach cannula was opened and the 
gastric contents allowed to drain. The proper dose of prostigmine had to be 
found for each dog because too large a dose would produce vomiting and dis- 
comfort of the animal, wliile too small a dose would not be effective. By tliis 
method, continuous gastric motility of more than 5 hours’ duration was ob- 
tained. Numerous controls of this stimulated gastric motility were taken and 
repeated at intervals on each of the nine dogs used. Rectal temperatures were 
taken at frequent intervals. All preparations used in the experiments reported 
below were administered intravenous^. Before the injection of the p3T0genic 
substance a control of stimulated gastric motility was recorded in order to as- 
certain the presence of \igorous and continuous gastric activity. The room tem- 
perature at which the experiments were performed ranged between 70 and 75°F. 
At the lower range of room temperature the dogs were covered with blankets. 

= Gold plated. 

^ Supplied by tlie Hoffmau-La Roche Company. 
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The results of our experiments were computed in the following manner; The 
average height of contractions during the control period and following injection 
of a pyrogenic substance was determined and the effects of the pyrogens are 
expressed as percentage of the control values. In order to facilitate the reading 
of our table, signifies 33 per cent depression, ++, 33 to 66 per cent, and 
+++} 66 to 100 per cent depression of stimulated gastric motility. Only such 
results are reported in wliich inliibition of 33 per cent and above occurred, 
Usuaily, when a healthy dog is resting comfortably, his rectal temperature 
will drop for a few degrees Centigrade, but the contrary has been observed in a 
number of instances; thus a rise of 0.2°C. was not uncommon, and once a rise 
of 0.8°C. was observed. The s.c. injection of prostigmine did not seem to affect 
rectal temperature. The rectal temperature of the dog is not as constant as 
that of the human. However, in order to use rigid standards for non-pyrogenic 
effects of the substances employed in tliis study only such results are reported 
here, in which rectal temperatures of healthy dogs did not rise beyond 0.3°C. 
following the injection of these substances. Our procedure for the establishment 
of a dose of a pyrogenic substance which would not change the rectal temperature 
of a dog was to inject a test dose first, which usuall}’’ evoked chills, high fever, 
vomiting, diarrhea, etc. In subsequent experiments this dose was gradually 
diminished, until no rise of rectal temperature occurred. In most of these latter 
experiments the animals remained comfortable, with the exception of a short 
chill and vomiting in some tests (see table 1). The results of e.xperiments nith 
fever reactions \rill be mentioned briefl}' only, since such observations have been 
described by others (v.s.). From a great number of experiments, in many 
of which rectal temperature rose only 0.4 to 1.0°C., a rise of temperature which 
many consider to be within normal limits for the dog and inconsequential in 
the evaluation of their results, we present here only such experiments (38 on 9 
dogs), in which rectal temperature did not rise be.vond 0.3°C. for a period of time 
of 2 to 4 hours after injection of the pyrogens. 

The follomng substances were administered intravenously: Pentnucleotide,^ 
thymus and yeast nucleic acid,'’ e.xtracts prepared from various peptones,® 
B. coli rmccine and triple t 5 ''phoid vaccine,® a crystalline preparation of bacterial 
pyrogen,’' and ordinary tap water, brought to isotonicity by the addition of 
0.9 per cent of NaCl. The nucleic acid preparations were alkalinized lightly 
with KaOH before injection. 

Results. Injections of pentnucleotide resulted in a 33 to 100 per cent in- 
' hibition of gastric motility in all 12 tests, ndth an average duration of 30 minutes. 
In one animal, complete suppression of gastric motility occurred with no change 
of rectal temperature, but the latter rose to 39°C. after noi'mal gastric motility 

■* Supplied bs’ Smith, Kline, and French. The manufacturers describe Pentnucleotide 
as a “mi.\'tiiro of the sodium salts of pentose nucleotides equivalent to 0.7 gram of pentose 
nucleotides per 10 cc.” 

'* Prepared by Dr. M. Hanke, Dept, of Biochemistry, Univei’sity of Chicago. 

‘ Prepared by Dr, K. Howell and Mr. B. Halpern, from the Dept, of Bacteriology, 
Michael Reese Hospital. 

• Containing 40 mgm. of solid material per cubic centimeter of solution. 
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had been resumed ; the animal vomited at that time. In two other animals the 
period of depression of gastric motility was followed by considerable h 5 iDermo- 
tility of the stomach. In one dog the period of more or less complete depression 
was followed by a 60 minute period of contractions as high as during the control 
period, but of distinctly diminished rate. 

TABLE 1 


Depression of gastric motility by non-pyrogenelic doses of pyrogenic substances 


SUBSTANCE 

DOSES (intravenous) 

TOTAL 

NO. 

OF 

TESTS 

NO, OF TESTS WITH DE- 
PRESSION OF GASTRIC 
MOTILITY* 

LATENT 

PERIOD 

IN MINUTES 

1 

DURATION OF 
DEPRESSION 

1 

Variation 

Average 

0 

+ 

(33%) 

++ 

(33- 

66%) 

1+++ 

(66- 

100%) 

Vari- 

ation 

Aver- 
1 age ; 

Vari- 

ation 

Aver- 
1 age 








1 



min- 

min- 











ntes 

ules 

Pentnucleotide ... 

0. 2-5.0 cc. 

0.9 cc. 

12 



2 

102 

H 

1} 

3-100 

30 

Nucleic acid, Thymus 

10-100 mgm. 

53 mgm. 

7 

73 








Nucleic acid. Yeast 

25-50 mgm. 

37.5 mgm. 

G 




6 * 

1.0-3 

u 

4-50 

19 

Peptone extract 

5-150 mgm. 

50 mgm. 

4 

4 








B- coli vaccine ... 

12.5 millions 


1 


n 

1 


10 

10 

40 

40 

Triple typhoid vaccine 

25-150 millions 

05 millions 

8 

3« ^ 

1 

31 

1« 

20-4g' 

31 

45-135 

71 

Crystalline bacterial 












pyrogen 

0.1-0.001 cc. 

0.023 cc. 











(4-0.04 mgm.) 

(0.092 mgm.) 

G 

2 


1 

3« 

2-30 

17 

30-90 

65 

Tap water with 0.9% NaCl 

10-50 cc. 

2G cc. 

4 

110 


2 

1 

4-32 

20 

13-15 

14 


1 Percent depression ol stimulated gastric motility. 

- In one animal temperature rose to 39°C. after cessation of inhibition and resumption of motility, and the dog vom- 
ited. In 2 animals depression was followed by considerable hypermotility, .\nother animal vomited after injection 
of 1 cc. of pentnucleotide. In another dog the rate of contractions fell from 4 per minute before injection of 1 co. of 
pentnucleotide to 1 per 1-4 minutes. This occurred after depression of height of contractions had disappeared, and 
lasted for two hours. 

’ In one animal, 3 minutes alter injection of thymus nucleic acid, considerable hypermotility, lasting 170 minutes, 
followed. 

' One animal had a short chill during depression of motility, with rectal temperature of 3S°C. 

^ At end of period dog panted and temperature rose from 37.3 to 38.5'C.; gastric tone and motility dropped f-b 
for 30 minutes. 

' In one animal gastric motilitj’ increased considerably 3 hours after injection. In another animal cliills and a 
diminished rate of contractions occurred (3 per minute in control, 1 per minute C5 minutes after injection, lasting one 
hour). 

’ One animal vomited at end of test. 

s Short chills and sneezing; no changes in rectal temperatures. 

' One animal vomite<l after depression was over and after vigorous motility had been resumed. 

One contraction in 3 minutes against 1 in 1 minutcdiiring control; average height of contractions in control G cm., 
after injection 2-14 cm. 


Thymus nucleic acid had no depre.ssant effect on gastric motility in all 7 
experiments. In one animal, a considerable degree of h3q3ermotility followed 
the injection, lasting for 170 minutes. 

Yeast nucleic acid (fig. 1) had a profound depre.ssing effect on gastric motility. 
One of thc.se animals had a short .slight chill during this period of depre.ssion but 
rectal temperature, taken during the chill, showed no variations from that of the 
control period. The chemical composition of the various nucleic acids is known 
to l)c different. 

Peptone extracts had no effects on gastric motility and on body temperature. 

B. coli vaccine had a relatively slight depressant effect on gastric motility^ 




Fig. 1. Depression of stimulated gastric rnotilitj’ by 3 ’east nucleic acid. Note short 
latent period. 



Fig. 2. Depression of stimulated gastric motilit 3 ' bj' ciystalline bacterial pj'rogen (B F 
Xo. 2). Note long latent period with smaller dose and short latent period with larger close. 


ga.stric tone and motility drojjped iirecipitouslj’' for 30 minute.s. Panting pei' se 
can raise the temperature of a dog, and the accomjjantdng change.s in the blood 
may also affect the stomach. 
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Triple typhoid vaccine had no depressant effect in three experiments.- In one 
of these, gastric motility increased considerably three hours after the injection, 
with no change in rectal temperature. In another test the rate but not the 
height of contractions decreased materially, but this result is counted as negative. 
In five other experiments with this vaccine, varying degrees of inhibition of 
gastric motihty were obtained. In one of these experiments the animal vomited 
at the end of the test, but its body temperature was not elevated. In another 
one, short chills and sneezing occmved during the period of depression vdthout 
a change in rectal temperature. 

The crystalline preparation of pyrogen was ineffective in two animals and pro- 
duced more or less profound depression of gastric motility in four other experi- 
ments ivith an average duration of 55 minutes (fig. 2). 

Tap water, which usually contains pyrogens, produced depression of gastric 
motility in three experiments and was ineffective in one. In this latter experi- 
ment, the rate of contractions was one per minute during the control period, 
with an average height of 6 cm. Following the injection, the rate was one per 
tln-ee minutes, and the height varied between 2 and 14 cm. This may be con- 
sidered inhibition because the rate of contractions was lowered, but we feel that 
the evaluation of this experiment is difficult, and therefore classified its result 
as negative. 

Discussion. A study of table 1 reveals that there was a more or less char- 
acteristic difference in the kind of depression produced by the various substances 
employed. The latent periods were relatively short in the case of pentnucleo- 
tide and yeast nucleic acid, and they were considerably longer with bacterial 
pyrogens. The periods of depression were^ considerably longer ivith typhoid 
vaccine and vith the larger dose of crystalline pyrogen than with pentnucleotide, 
yeast nucleic acid, and tap water. 

Some of the negative results reported in table 1 probably were due to insuffi- 
cient doses and possibly also to individual variations in the susceptibility of the 
same or of different dogs to pyrogenic substances. Therefore, not all of the 
negative results can be taken as a proof that doses of pjTogens small enough not 
to affect rectal temperature will not have an effect on gastric motility. We 
feel that, in a number of the negative experiments, the dose of pyrogen ad- 
ministered was below the threshold necessary to produce gastric depression. 
In many experiments (not reported here) in which rectal temperature rose 
beyond 0.3°C. following the injection of substances employed in this stud}’-, pro- 
nounced inhibition of gastric motility resulted. In a great number of these 
experiments, body temperature did not rise beyond values considered by many 
within the normal range for the dog, i.e., 37.0 and 39°C. In others, fever of 
varring degree re.sulted. In most of these dogs, one or more of the following 
symptoms appeared: panting, cliills, trembling, retching, vomiting, urination, 
•defecation, and general discomfort. We feel that discomfort of the animal’ 
possibly associated with increased actirity of the adrenal medulla, may produce 
gastric inhibition. All of the substances used in this work ivere folloived by 
profound depression of gastric motility, when given in larger doses. It is of 
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interest to note that a rise of rectal temperature could occur at the end of the 
period of inliibition, when gastric motility was on the increase (table 1). 

jNIej'er (2) reported a few experiments in which rectal temperature did not 
rise beyond 0.3°C. following the injection of peptone Witte, but in all of these 
experiments vomiting, urination, defecation, dyspnea, restlessness, etc., were 
observed. 

In a number of our experiments depression of gastric motility was not con- 
tinuous; at times there appeared a release (“escape”) of the inliibition and mo- 
tility was resumed for more or less short periods of time. In some experiments 
the motility during those intervals was considerably greater than in the control 
period. This was followed bj" depression and, in a few experiments, the process 
was repeated a number of times. IVlierever chills and vomiting occurred, 
they followed the larger doses of the substances emplojmd. Chills were observed 
during motility as well as during depression. In a number of experiments gastric 
motility increased following injection of a pjuogenic substance. , 

Our results show that such small doses of pyrogenic substances which irill 
not produce elevation of body temperature can produce more or less profound 
inhibition of gastric motility. Tliis ma}'' be of interest to the ph 3 ''sician who 
observes gastric disturbances in a great number of cases of colds, flu, antrum 
infection, etc., in which onty subfebrile temperatures prevail. This may be due 
to minute amounts of p^U'ogenic substances released into the bloodstream in 
these infections. 

Our results also indicate that we have to be extremelj’' careful in assajang 
preparations wliich inhibit gastric motility, and that the mechanism of action of 
such preparations must be evaluated rigidty before claims for specificity are 
raised. Pm’ified preparations of inhibitoiy substance from urine, which we have 
described first (see 11), are usualty assajmd for pjTOgenic effects vith the doses 
used to obtain depression of gastric functions. These doses do not produce 
temperature reactions in rabbits and dogs. Larger doses than necessary for 
obtaining distinct gastric depression Avill, however, produce p 5 ''rogenic reactions. 
It maj’- be, therefore, that such and similar preparations are being used in sub- 
threshold doses with regard to temperature reactions, but in sufficient doses to 
produce gastric inhibition. We have stressed this earlier (13) and recently 
lAy’s associates have agreed that their purified preparation from urine ma}’" con- 
tain traces of p.yrogens (14). We do not want to assume hei’e, however, that 
enterogastrone and the gastric inhibitoiy substance from urine owe their effects 
on the stomach solely to a content of pju’ogen. We believe that the}^ will be 
proven finallj" to be specific substances of a humoral character. We feel, how- 
ever, that our results should be a warning for the rigid testing of such and similar 
biological materials, and for the elaboration of methods and .experiments which 
will eliminate the presence of pj'rogenic contents in these substances as possible 
factors in gastric depression. 

Secretion experiments with the substances used in this work have shown 
conclusively that gastric secretion can also be inhibited without rise of body 
temperature. 
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SUMMARY 

The effects of such small doses of pyrogenic substances that would not produce 
elevation of body temperature in the dog were tested on gastric motility stimu- 
lated b}'- prostigmine. The following substances were used: Pentnucleotide, 
thymus and yeast nucleic acid, B. coli vaccine, triple typhoid vaccine, a crystal- 
line preparation of a bacterial pyrogen, and tap water. In a great number of 
experiments, depression of gastric motility resulted with no change in rectal 
temperature and mth no suljjective signs in most of the animals. The relation 
of this finding to dj^spepsia during colds and other infectious diseases in wliich 
no or only a slight elevation of body temperature occurs, is discussed. ^The 
importance of this finding in relation to biological preparations which depress 
gastric activity is pointed out because these preparations may contain sub- 
threshold doses of p3''rogens in regard to bodj"- temperature, but not in regard to 
gastric function. 
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The metabolic processes taking place in the cells of an organism are ahvat's 
accompanied bj'" the production of heat. Numerous investigations of recent 
years have demonstrated the role of chemical regulation in maintaining constancy 
of temperature in warm-blooded animal organisms. Verj’’ little is known as j^et, 
however, about the participation and comparative importance of the different 
viscera in this thermogenesis. 

There are references in scientific literature to the role of the liver in the chemi- 
cal regulation of temperature. R. Dubois showed that in the marmot the first 
rise in temperature after the period of hibernation occurred in the liver. Eck 
fistulae delayed the awakening of such animals. According to Cavazine, 
Hirsch, Mueller and Roily, the liver is always warmer than the blood in the 
aorta; it may be assumed, however, that this is due to the accumulation in the 
liver of a large amount of venous blood, which is warmer than that in the left 
heart. Animals with the spinal cord sectioned at the thoracic level practically 
lose their capacity for thermo-regulation after the vagus has been cut. The 
same effect is obtained after cutting or ligating the hepatic artery. According to 
Plant, the de.struction of plexus hepaticus completely stops the “secondary 
chemical thermoregidati on . ” Thermoregulation is lost in the curarized dog after 
denervation of the liver. No firmly established date are available as to the 
nature of processes taking place in the liver during thermoregulation. The in- 
crease in combustion probably involves mainly nitrogen-free substances. On 
the other hand, Toenissen has found that surgical exclusion of the central nerv- 
ous sj^stem leads to an increase in protein metabolism, which is bound up with 
the mechanism of thermoregulation. Besides the liver, the other viscera also 
participate in the phenomenon of thermoregulation, but their role has not been 
brought to light with sufficient clarity. 

Investigations have usuallj’' taken the form of acute experiments made on 
anesthetized animals. This obviouslj’' disrupted the normal course of the vital 
processes and influenced thermogene.sis. Anesthesia complete^’' changes the 
response of an animal to external temperature, and there is even a basis for be- 
lieving that the specific nature of thermoregulation in warm-blooded animal 
organisms is destroyed under the influence of anesthetics. This supposition is 
fulb' substantiated by the modern theory about the leading role of the nervous 
system in thermoregulation; as is known, anesthetics cause profound changes in 
the functional state of the nervous system. We therefore thoucht it of interest 
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to study the participation of the different organs in the total thermogenesis with- 
out the use of anesthetics. It was necessaiy, of course, to select a method that 
permitted the variations in the temperature of the visceral blood to be measured 
during the experiments, which would resemble physiological conditions as closely 
as possible. The method of angiostomy evolved bj”^ E. S. London fully satisfies 
these requirements. 

hlETHOD. We set ourselves the task of studying the angiothermotopography 
in angiostomized dogs under physiological and pathological conditions. 

Temperatures were measured by the thexmoelectrical method, which is very 
convenient from the technical \dewpoint, thanks to its accuracy, sensitiveness, 
speed and the possibility of changing the size and shape of the thermocouples in 
order to reach parts situated deep in the organism. Claude Bernard made use of 
the thermoelectrical method for studjdng the temperature of the blood and vari- 
ous tissues of an organism. He was followed by a number of other investigators. 
Jeilberg and Lample inserted theimocouples in the vessels and tissues of the 
cortex of the brain, in which case the animals could be utilized only for two days. 
Ascher and Schotmann attempted to measure the visceral temperature by means 
of thermocouples during acute experiments. Rein, who used thermoneedles, 
found that the blood in the renal veins was warmer than that in the arteries. 
Hamilton in 1936 determined the temperature of the viscera during the first 48 
hours after an operation. Quite recently a substantial success was achieved by 
Marshak (U.S.S.R.), who evolved a method of inserting thermocouples into the 
viscera. 

We made special angiostomic thermocouples of nickeline and copper. The 
cold joint of the thermocouple was placed in a special thermostat, where a con- 
stant temperature was maintained within the limits of not more than 0.001°. 
Usuallj'- we used five thermocouples, which were connected through a switch with 
a reflecting galvanometer. All the thermocouples were carefully ‘gi'aduated on 
the day of each experiment. The experiments were made on angiostomized 
dogs having cannulas in the portal and hepatic veins. We entered the vessel 
with an angiostomic needle, being guided by the appearance of blood. The 
needle was fixed into the cannula and a thermocouple inserted into it in such a 
way that the therfnocouple projected beyond the needle and its warm joint was 
immersed in the blood stream. We also measured the temperature in the ab- 
dominal aorta and the rectum. In order to determine the temperature in the 
aorta, we inserted a thermocouple into the femoral artery and carefully pushed 
it upwards against the blood stream; as the thermocouple was 17 cm. long its 
warm joint reached the abdominal aorta. By means of the snatch we were able 
to measure in turn the temperature of the blood in the portal and the hepatic 
veins, the aorta and the rectum. Reading of the temperature was carried out 
according to the deviation of a ray of light reflected from the mirror of the galva- 
nometei onto a scale situated at a distance of 2.o meters. Each measurement 
lasted three to five seconds. Thanks to our thermocouples it was possible to 
measure the temperature of the visceral blood nithin the limits of 0.02° under 
physiological conditions without the use of vivisection or anesthetics. 
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The present report deals with experiments made to stud 3 '’: 1, angiotheromo- 
topography in normal fasting dogs; 2, angiothez'motopograph}’- during local cool- 
ing and heating of an animal, as well as during certain febrile states. 

1. Angiothermoto'pographj in normal fasting dogs. Of utmost importance in 
this respect are the classical works of Claude Bernard, which were carried out as 
far back as the middle of the 19th century, Contraiy to the hj^pothesis of La- 
voisier, which was uni^'-ersallj'- accepted in his time, Claude Bernard showed that 
venous blood is warmer than arterial blood. Furthermore, he investigated in 
detail the thermotopograph}'’ in an organism, em]Dlo}’'ing a long tube fitted with 
a thermometer or a thermoelectrical needle to enter the left and the right heart, 
the aorta and the inferior vena cava through the carotid artery and the jugular 
vein. He found that the blood in the inferior vena ca\^a above the renal vein is 
of the same temperature as the blood in the corresponding section of the aorta, 
but that venous blood becomes warmer further on, that is, venous blood cools on 
the periphery and grows warmer in the A'iscera. The blood in the portal ■^’ein is 
warmer than that of the aorta, which means that the blood absorbs heat while 
passing through the intestines. In the hepatic vein the blood is warmer than in 
the portal vein, thus pointing to thermogenesis in the liver. According to Claude 
Bernard, hepatic l^lood is the warmest in the body. Its temperature is 0.6 to 
1.6° higher than that of the blood in the portal vein leading to the liver. It 
should be noted, however, that these were acute experiments. 

Few papers on angiothermotopography have been published since the time of 
Claude Bernard. One of these reports the une.xpected results of IMiller, Schast- 
naya and Jutkevich. These authors claim to have found the blood in the hepatic 
vein to be colder than that in the portal vein, the difference reaching under the 
conditions of their e.xperiments up to —1.5°. According to Chimvicz and Fisi- 
kas, the liver has a higher temperature than the other organs. 

Our experiments have giA^en very clear and constant results. In the great 
majority of normal fasting dogs the highest temperature was obtained in the 
blood of the hepatic A^ein as compared AAuth all other A'^ascular areas or the rectum. 
The temperature in the hepatic A'^ein AA'as higher than that in the portal Amin by 
0.05 to 0.1°. The difference AA'as neA'^er Amry great. Only in exceptional cases 
AA'as the blood in the portal Amin, AA-armer than that in the hepatic Amin. This 
negatiAm difference A'aried from 0.01° to 0.05° or 0.07°. The temperature of the 
blood in the abdominal aorta Avas alAA'ays loA\mr than in any other of the areas 
studied. The temperature in the rectum A\'as usually close to that in the portal 
Amin. 

Tlie difference in temperature betAveen the portal and hepatic Amins character- 
izes the thermogenesis in the liAmr; the difference in temperature betAAmen the 
aorta and the portal Amin reflects the thermogenesis in the intestines. Our ex- 
perimeirts huAm shoAvn clear cut eAudence of intestinal thermogenesis. This 
increase usuall}^ Amried from 0.1 to 0.3° (see table 1), Claude Bernard noted this 
fact, but did not dA\mll on it, and recent literature does not mention it'. Inci- 
dentally, the intestinal tract, Avith its great length and exceedingly acthm metabo- 
lism, cannot but jrlaA' an important part in thermogenesis in the body. 
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Thus, by comparing our results with those of Claude Bernard, we see that the 
values for intestinal thermogenesis are almost coincident. As for hepatic ther- 
mogenesis, our experiments have given considerablj’- lower figures than those 
obtained by Claude Bernard. 

The scale of our experiments, the accuracy of our methods and the wa}' in 
which the physiological conditions were reproduced warrant the belief that our 
data are closer to reality. 

2. Experunental cooling and heating of animals. Having studied thermotopog- 
raphy in normal dogs, we made some experiments on artificially cooled and 
heated animals. The experiments were carried out on dogs in vdnter conditions 
14 to 16 hours after their last feeding. The temperature was measured at the 
same points described above. After stable temperature values had been obtained, 

TABLE 1 


Variations in the temperature of the blood and the rcclum of normal fasting dogs 


AORTA 1 

1 

PORTAL VEIN 

HEPATIC VEIN 

RECTUM 

LIVER 

INTESTINES 

39 . 55 i 

39.78 

39.93 

39.83 

-1-0.15 

4-0.23 

39.02 1 

39.20 

39.24 

39.09 

-1-0.04 

4-0.18 

39.36 1 

39.54 

i 39.56 

39.43 

4-0.02 

4-0.18 

39.00 ! 

39.07 

39.20 

38.81 

4-0.13 

4-0.07 

39.14 

39.18 

39.26 

38.99 

4-0.08 

4-0.04 

37.90 

38.25 


38.14 


4-0.35 


39.50 

39.55 

39.56 

4-0.05 


38.75 

39.02 


39.00 


4-0.27 

39.22 

39.32 


39.38 


4-0.10 


39.92 

39.96 

39.90 

4-0.04 


39.79 

39.95 


39.74 


4-0.16 

38.56 

38.82 


38.95 


4-0.26 


39.87 

39.94 

39.64 

4-0.07 



38.83 

38.77 

38.80 

-0.06 . 



39.91 

38.84 


-0.07 



38.87 

38.95 

38.82 

4-0.08 


39.63 

39.91 


39.85 


4-0.28 


the animals were cooled by applying ice or towels soaked in cold water onto a large 
area of the skin on the back and hind legs. The cooling usually lasted from 30 
to 90 minutes and gave a very clear-cut effect. The temperature in the rectum 
always fell to a certain extent during the first 5 to 10 or 15 minutes. During the 
same time the temperature of other parts of the animal underwent significant 
changes. A distinguishing feature of these changes was a comparative rise in 
the temperature of the blood in the hepatic vein in relation to the portal vein and 
the aorta. Thus the difference in temperatures between the hepatic veins and 
the portal vein and, especially, the aorta increased considerably. If prior to 
cooling there was a difference of 0.06 to 0.1°, it increased 3 to 6 times after cool- 
ing. When the cooling agent was withdravm, hepatic thermogenesis quickly 
returned to the original level. Restoration and reduction of the difference in 
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temperature between the blood flow into and out of the liver proceeded more 
rapidly if the animal was warmed up under a special electric heater. 

In analyzing our data from twenty-five experiments on ten dogs, it is necessaiy 
to establish which processes are reflected in the variations in the difference in 
temperature between the inflowing and the outflowing blood. It goes vnthout 
saying that this difference depends on two factors, i.e., thermogenesis in the liver 
and its blood supply. It must be assumed that the experimental cooling led to 
a dislocation in the blood supply to different parts of the organism so that chcu- 
lation was delayed on the peripheiy and accelerated in the viscera. • If we assume 
that thermogenesis in the liver is not increased under local cooling, then accelera- 
tion of the blood circulation should reduce the difference in temperatures between 
the blood flomug into and out of the liver. Yet we never recorded such a reduc- 
tion. On the contrary, the temperatux’e of the hepatic blood was always much 
higher as compared with that of the blood in the portal vein and the aorta. In 


r 



Fig. 1. Thermal reactions of the liver to cooling and heating the animal body. Curve I 
represents the temperature of the liver; curve II that of the rectum. 

our opinion, these results indicate that the liver reacts to cooling by increased 
thermogenesis. Such a reaction is a reflection of chemical thermoregulation by 
the liver. In view of the speed with which it begins, it may be thought that the 
increase in thermogenesis is of a i'efle.\ nature. 

The experiments described above demonstrate the adaptation of the metabolic 
processes of the liver to a change in extei-nal temperature. 

We next proceeded to study angiothermotopography under conditions of in- 
trinsic overheating, i.e., during a febrile process. This investigation comprised 
a number of experiments with the transfusion of homogeneous and heterogeneous 
blood and the induction of anaph 3 ’'Iactic shock. 

3. TSxpenmental fever, a. Homogeneous iransfusioji. In this series of e.xperi- 
ments the angiostomized dogs were injected with homogeneous blood of the same 
gi'oup to the amount of 10 to 15 cc. per kilogram of bodj' weight. Altogether 12 
experiments were made. In most cases the genei-al temperature of the dog rose 
by 0.3 to during the experiment, which lasted 2 to 4 hours; in other words, 
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there was a slight fever. The rise in the temperature in the rectum and of the 
blood was invariably preceded by a drop in the temperature in all other areas 
studied. As we suspected that this initial drop in temperature, which lasted but 
a few minutes after the transfusion, \vas due to the use of colder blood, in all sub- 
sequent experiments the blood was specially heated to body temperature. This, 
however, did not alter our results. We shall subsequently dwell in detail on this 
phenomenon, which occurred very regularly. It is interesting to note that in 
spite of the general rise in temperature, angiothermotopography in the animal was 
not changed; the relation between the temperatures in the various vessels re- 
mained the same as before the experiment. 

Analysis of the data secured in these experiements shows no abnormality in 
angiothermotopography. Intestinal thermogenesis also remains practically un- 
changed. In view of this, we deem it possible that the febrile changes after 
transfusion are explained by a change in physical rather than chemical thermo- 
regulation. 

b. Heterogeneous transfusion. In this series of experiments the dogs were in- 
jected with the blood of another species. We used goat’s blood to the amount of 
5 cc. per kilogram of body weight. In almost all of the 15 experiments made in 
this manner a considerable rise in rectal temperature was observed, amounting 
usually to 0.3 to 1 .8° in the first two or three hours after the transfusion. Just as 
in the preceding series the temperature fell for a few minutes prior to the develop- 
ment of the febrile state. An especially significant drop in temperature was 
invariably noted in the aorta. Measurement of the blood pressure duiing the 
experiments with heterogeneous transfusion showed that it decreased simultane- 
ously with the temperature in all the areas studied. This throws light on the 
origin of the initial drop in temperature. It must be assumed that the shock 
induced by heterogeneous transfusion is inevitablj’^ accompanied bj’’ retardation 
of the flow of blood and consequently by a cooling of considerable amounts of 
blood in the surface parts of the organism. Thus the right heart is supplied ndth 
cooler blood, which continues to lose heat while it passes through the lesser circle. 
Herein lies the explanation for the drop in temperature observed during the first 
minutes after transfusion and especially noticeable in the arterial system. .This 
signifies that the changes in temperature developing during the period of the 
shock induced by heterogeneous transfusion are due solely to the changes in the 
circulation of the blood. In those cases when heterogeneous transfusion did not ■ 
cause a decrease in blood pressure, followed by retardation of the circulation, we 
never observed any drop in temperature. On the contrary, the temperatore 
began to rise during the very first minutes, particularly that of the blood in the 
aorta (see fig. 2). 

If we draw a parallel between these obserr'-ations and the drop in the tempera- 
ture brought about by homogeneous transfusion, we may conclude that in the 
latter case there also develop hemodjuiamic deviations which cannot be detected 
by the relatively crude and inert measurements of the blood pressure but might 
jT delicate method, i.e., by determining the velocity of the 

blood flow. When analyzing our data on heterogenous transfusion, we ma 3 ' 
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speak about two stages in the dj’^namics of the temperature shifts: 1, a stage re- 
lated exclusive!}’' to the changes in circulation, and 2, the subsequent stage of 
restoration of blood pressure and velocitj’' of circulation. 

During the first stage, when blood pressure falls, the temperature drops in all 
the areas studied and also the difference in temperature between the aorta and 
the portal vein increases. But have we a right to assume that this increase is due 
to heightened theianogenesis in the intestines? -In this stage circulation is re- 
tarded and the blood stagnates in the viscera, which must inevitably lead to a 
corresponding increase in the arterio-venous difference. Thus the increase in the 
difference in temperature between the aorta and the portal vein during the first 
stage depends entirel}^ on circulatoiy factors. 



Fig. 2. Thermal reactions to heterogeneous transfusion. I, temperature of blood in 
hepatic vein; II, in portal vein; III, rectal temperature; IV, in femoral artery ; V, in intesti- 
nal vessels (i.e. difference between temperature in portal vein and femoral arterj^); VI, m 
liver (i.e. difference between temperature in portal and hepatic veins). 

Fig. 3. Thermal reactions in heterogeneous transfusion. I, temperature of blood m 
hepatic vein; II, in portal vein; III, rectal temperature; IV, in femoral artery; V, in liver. 

Fig. 4. Thermal reactions in anaphylactic shock. II, temperature of blood in portal 
vein; III, in femoral artery; IV, rectal temperature. 

Of considerable interest to us is the second stage, when the hemodt'namics arc 
restored both with respect to blood pressure and the velocitj’’ and time of circuia'- 
tion. Turning to the changes in temperature in the various vascular areas, we 
see that the difference in temperature between the portal A’’ein and the arteries as 
well as between the hepatic vein, on the one hand, and the aorta and the portal 
vein, on the other, continues to increase instead of diminishing. As circulatoiy 
influence is excluded in this stage this mu.st be an expression of a genuine increase 
in visceral thermogonesis. Thermogenesis in the liver as well as the intestines 
rises several times as compared with normal conditions. 

The foregoing exjreriments clearly demonstrate that the increase in visceral 
thormogenesis coincides in time with the ri.se in rectal temjierature. Hence the 
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conclusion may be made that thermogenesis in viscera (liver and intestines) plays 
a part in the febrile process A\diich inevitabty accompanies the introduction of a 
foreign protein. The mechanism of this action is obscure; of some importance 
are probably the products of the disintegration of the proteins present in the 
transfused blood. Such a disintegration is the result of the colloidoclastic crises 
commonlj’" accompanying blood transfusion. The newly formed substances acti- 
vate visceral metabolism and thus increase thermogenesis. After homogeneous 
transfusion the products of protein disintegration accumulate probalily in much 
smaller amounts, insufficient to activate Ausceral thermogenesis. 

Anaphylactic shock. The anaphylactic shock Avas induced in several angios- 
tomized dogs temperature measurements as above described. The results were 
similar to these obtained after heterogeneous transfusion, except that the varia- 
tions in temperature were more clear cut. As in the case of homogeneous and 
heterogeneous transfusion, the temperature dropped in all Amscular areas, espe- 
ciall}’^ in the aorta during the first feiv minutes following the second injection of 
foreign blood (see fig. 3) . This drop in temperature coincided with the fall in the 
blood pressure. During this period the increase in the difference in temperature 
between the aorta and the portal vein ivas due to changes in circulation. But 
after the circulation had been restored the difference in temperature continued 
to rise, owing to a genuine increase in thermogenesis of the intestines. Intestinal 
theimogenesis reached very high values never obtained under other experimental 
conditions. Besides the increase in intestinal thermogenesis, a rise in rectal 
temperature was observed, pointing to the conclusion that heightened thermo- 
genesis in the viscera is one of the factors determining the febrile state after 
anaphylactic shock. 


SUMM-\RY 

1. Thermogenesis in the Auscera (Ih’-er and intestines) AA'as studied in normal, 
artificially cooled and heated animals, as Avell as during febrile states caused by 
homogeneous and heterogeneous blood transfusions. 

2. The experiments Avere made on angiostomized dogs Avith cannulas in the 
portal and hepatic A’^eins ; in each animal the rectal temperature and the tempera- 
ture of the blood in the abdominal aorta and the portal and hepatic A^eins AA-ere 
measured. 

3. Ihe thermoelectric method used throughout the experiments detected 
changes in temperature AA'ith sufficient accuracy and made it possible to study 
thermotopography in the organism. 

4. In normal fasting dogs the loAA-est temperature of the blood AA-as found in the 
aorta and the highest in the hepatic A'^ein. 

0 . The experiments have shown important thermogenesis in the intestines. 

G. When the animals Avere cooled by the application of ice to the skin, the 
difference in temperature betAveen the blood in the hepatic and the portal veins 
increased, i.e., there Avas a rise in hepatic heat production (three to six times the 
original leA-el), proA’iding the blood Aoaa" AA-as accelerated; AA'hen the animal AA-as 
OA’crheated, the rcA'crsc took place. 
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7. Homogeneous blood transfusion did not bring about noticeable changes in 
thermogenesis in the liver and the intestines, despite a sj^stemic rise in tem- 
perature. 

8. The febrile state caused by heterogeneous transfusion is accompanied bj^ a 
noticeable increase in thermogenesis in the liver and intestines. A comparative 
study of the hemod 3 mamic variations has shown that the increase in hepatic and 
intestinal thermogenesis cannot be explained bj’’ the influence of circulatory 
factors. 

9. After anaphylactic shock, the same changes were observed .as in the case of 
heterogeneous transfusion, but the variations in temperature were much greater, 
especially with respect to the intestines. 

10. The increase in visceral thermogenesis proceeds parallel to the sj'stemic 
temperature reaction, i.e., the liver and the intestines participate in determining 
the febrile process accompaming the transfusion of foreign blood. 

11. The use of the method of E. I. London for studying visceral thermogenesis 
in angiostomized dogs considerablj'' widens the sphere of its application and 
promises to give results of great practical and theoretical interest. 
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The fact that unidirectional pulse currents applied to the central nervous 
system of mammals (rabbits and dogs) can cause readily reversible narcotic 
states was described by Leduc in a series of papers, the first of which, containing 
the essentials, appeared in 1902. This observation was confirmed by many 
authors (see for instance von Neergard, 1922; Zimmermann, 1929). In most of 
these experiments, one electrode (cathode) was placed on the head, the other 
(anode) on the sacrum. Leduc maintained that electronarcosis (en.) could be 
produced with pulse currents only ; however, a similar state was obtained by ap- 
plying direct current (Tschagowetz, 1912; Silver, 1939) and alternating current 
(van Harreveld and Kok, 1934a). 

The modern therapeutic use of electric current applied to the brain, known as 
electroshock, has renewed the interest in such procedures as en. Electroshock 
therapy consists in the application of a strong current for 0.1 to 1.0 sec.; for en. a 
much weaker current is used, which flows during the entire experiment. 

In the present investigation, the effects of pulse currents of various pulse dura- 
tions and frequencies, alternating currents of various frequencies, and direct cur- 
rent have been compared. An attempt has been made to determine which of the 
several pos-sible effects of electrical current on the central nervous sj’stem is the 
cause of en. 

jMethod. For the production of pulse currents a thju’atron stimulator has 
been used, capable of producing unidirectional square pulses of a wide variety of 
frequencies and durations, both of which could be changed independentl 3 ^ This 
current was used to drive a 50 watt amplifier.- Sinusoidal alternating current 
was obtained from an audio frequenej"- generator, the output of which was am- 
plified by the same 50 watt amplifier. A calibrated oscilloscope was used to 
measure voltage and current for pulse as well as for alternating current. Fur- 
thermore the current shape could thus be checked at any time. The direct cur- 
rent, obtained from the laboratory supply, had a ripple which was too small 
(about 1.5 per cent) to be of physiological importance. 

The electrodes used in the pulse and alternating current experiments consisted 
of copper discs about 2 cm. in diameter, covered with gauze soaked in concen- 
trated sodium chloride solution. The contact between electrodes and skin, from 

> This work wjis supported in part by a grant from tlie Department of Institutions of the 
State of California. 

= This amplifier was a high fidelity Western Electric power amplifier, kindly loaned to us 
by the Langevin Company, Inc. of Los Angeles. 
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which the hair was clipped, was secured with an electrode paste. For direct 
current experiments non-polarizable electrodes were used. Each electrode con- 
sisted of a shallow Incite Idox (2.5 cm. in diameter) containing a copper electrode; 
the box was filled with saturated copper sulfate solution and was covered with 
an animal membrane (bladder or intestine). Electrode paste was again used 
between electrode and skin. 

In all the present experiments the electrodes have been placed on the temples 
directly posterior to the eyes. This placement has the advantage that the cur- 
rent remains confined to the head, and thus produces less disturbing effects on 
peripheral structures. The electi’odes were fastened on the head with band- 
ages. 

Dogs have been used in all the experiments here reported. 

Symptoms of eicctronarcosis. The most satisfactory wa}'- of producing en. is to 
apply a relatively strong current (e.g., 60 cj'-cle alternating current of about 300 
ma) for about 30 sec., which then is deci’eased to a lower level. Immediatel}’' 
upon applying the strong current, the animal falls down, its legs in a flexed posi- 
tion. During the next few seconds, the extremities are almost toneless, but after 
5 to 10 sec. a strong extensor spasm develops in the legs which are stretched back- 
wards. There is complete respiratoiy arrest. This state then remains un- 
changed during the application of the strong current. Often urination occurs 
and sometimes there are bowel movements. 

After 30 sec. the current is decreased to a value, the “narcosis level”, at which 
sufficient respiration becomes possible; this level depends on the type of current 
used (for 60 cycle a.c. it is 30-60 ma), on the individual reaction of the animal, 
and probably on the placement of the electrodes. The decrease of the current 
causes relaxation of the extensor spasm and appearance of clonic twitches. The 
first respiration will occur 50 to 70 sec. after the beginning of the experiment. If 
the current is too strong, the return of respiration is ’delayed and the current has 
to be diminished. After regular respiration has set in, the animal lies quietty and 
without tone in its muscles although light clonic twitches may proceed for some 
minutes. The symptoms can subsequentlj'’ develop in two directions, which will 
be designated as the narcotic and the kinetic type of en. 

In the narcotic type, the animal remains quiet, with a slow and deep respira- 
tion, which is often labored because of glottis contraction (von Neergard, 1922). 
The heart rate is low, about half normal, due to vagus stimulation (van Harreveld 
and Kok, 1934a). Except for respiratory movements and sometimes occasional 
clonic twitches, the animal shows no spontaneous activity. Positive and 
negative supporting reactions are present when the legs are placed in the proper 
positions. However, when the animal is placed on its feet, the legs do not gain 
.sufficient supporting tone and the animal falls down as in deep narcosis. The 
tail is without pronounced tone. In some dogs, tone in the abductor muscles of 
the thigh is observed. The head is extended dorsally and the eyes are closed 
tightly ; the latter symptoms are probably caused ))y a direct stimulation of the 
muscles involved. Tendon reflexes like the knee jerk arc not disturbed. No 
righting reflexes can be elicited. Pinching or pricking the .skin does not cause 
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any reaction. Pressure on tire eye ball through the closed eye lids is often 
rvithout effect, but sometimes causes defecation or irregularities in the respira- 
tion. From time to time there is a bowel movement. The narcotic type of 
en. can be maintained for many hours. 

Increase of the current beyond the value necessary to maintain en. causes 
extensor tone in the extremities independent of the position of the legs. Res-- 
piration is more difficult and becomes insufficient. 

As the current is decreased below the narcosis level, the supporting reaction 
becomes stronger and stronger until finally the animal can stand. Even in this 
state, there is no return of spontaneous movements, of righting reflexes, or of 
reactions to skin stimuli. When the legs are placed in abnormal positions, no 
corrective movements are made. These cataleptic sjmiptoms have been de- 
scribed before (Keller, 1931 ; van Harreveld and Kolc, 1934b) . 

When the current is cut off during the narcotic type of en. the animal recovers 
in a few minutes, usually passing thi'ough a cataleptic state. 

The kinetic type of en. is of a much less quiet nature, and is characterized by 
frequent righting attempts which are usualh’’ unsuccessful and which can develop 
into violent and disordered hyperkinesis of head and extremities, often ac- 
companied with yelling and whining. Between righting attempts the animal is 
quiet, but righting and hyperkinesis can be instigated by stimuli. The most 
effective is pressure on the eye liall; also effective is moving the animal, thus 
stimulating the vestibular apparatus and perhaps other sensory systems. Some- 
times skin stimuli are sufficient. The heart and respiration rate are higher than 
in the narcotic type, usually even higher than normal. 

Cutting off the current during the kinetic type of en. is followed by immediate 
recovery without cataleptic symptoms. After awakening, the animal is often 
somewhat excited for a short time. 

Although the purely kinetic type is rare, some kinetic symptoms are often 
found during the narcotic type; e.g., an occasional weak righting attempt, .yell- 
ing, or movements on eye pressure. 

The type of electronarcosis which will be produced is, for the most part, an in- 
dividual reaction. However, after a long series of experiments on the same ani- 
mal, kinetic symptoms may appear or become aggravated. Also, kinetic s.ymp- 
toms may become more and more apparent during a single prolonged en. 

Some authors (Sack and Koch, 1933; Koch and Sack, 1933) have not been 
able to repeat Leduc’s experiments; they observed only unquiet states. It is 
possible that these authors by their choice of animals or by their technique of 
current application obtained predominantly the kinetic type of en. 

In the following quantitative investigations, only dogs with a tendency to the 
narcotic type of en. have been used. 

Elcclronarcosis icith jmisc currents of various duratio 7 is. Pulse currents of fre- 
quency 120/scc. were used throughout these experiments. For the first 30 sec., 
inilses of 0.3 millisec. duration and 600 to 750 ma strength were used. Electro- 
narcosis level for i)ulsc currents of this duration was 80 to 125 ma. After 10 to 
15 minutes when the animal had reached a steady state, the duration of the 
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pulses was changed, keeping the frequency constant. After each change, the 
current strength was so adjusted as to produce the same depth of en. The depth 
of en. chosen was such that when the animal was jdaced on its legs onlj’" a trace of 
supporting reaction was present. The necessary current strength for 6 to 8 
values of pulse durations could thus he determined in the course of an hour. On 
varjdng the pulse durations between 2 and 0.5 millisec., hardly an 5 '' current ad- 
justments had to be made. With pulse durations shorter than 0.5 millisec., the 
current had to be increased to maintain the same depth of en. This increase is 
exponential with the decrease in pulse duration. A strength-duration curve for 
en. can thus be plotted (fig. 1). From such curves, rheobase and chronaxie can 
be determined, and these values obtained from 6 experiments on 6 different ani- 



Fig. 1. Strength-duration curve of electronarcosis produced with unidirectional square 
pulses. The top current intensity of the pulses measured in milliamperes is plotted as 
ordinate against the duration of the pulses in milliseconds as abscissa. All points of the 
curve refer to the same narcosis depth. The pulse frequenc 3 ' in the experiment was 120/sec. 

Fig. 2. Strength-frequency curve of electronarcosis produced with sinusoidal alternat- 
ing currents. The root mean square intensity of the current measured in milliamperes is 
plotted against the logarithm of the frequency. All points of the curve refer to the same 
narcosis depth. 

mals have been collected in table 1. No difference in symptoms was observed 
with the pulse durations used (between O.OS and 2 millisec.). 

Electronarcosis xvith pulse currents of various frequencies. Two procedures have 
been used to examine the effect of varying the pulse frequenc.y. In part of the 
experiments, en. was initiated with pulse current of frequenej’’ 120/sec. and of 
short duration (0.17 millisec.). After the animal had reached a stead}’’ state, the 
frequency was changed, and the current was adjusted so as to produce the same 
reference depth as described in the pulse duration experiments. An}' sudden in- 
crease of pulse frequency causes a short jjeriod of excitement. Up to a fre- 
quency of 300-400/sec., no changes occur in the symptoms of en. With fi'e- 
quencies above oOO/sec., en. becomes less quiet in most animals. Twitches and 
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contortions appear, and s3'^niptoms of the kinetic type have a tendency'’ to break 
through. These unquiet sj^mptoms are especiallj’- pronounced in the frequencj’’ 
range between 500 and 1000/sec. In a few animals, however, an}^ frequency 
produced quiet en. Even at the highest frequency practicable ivith a pulse 
duration of 0.17 millisec. (about 3000/sec.), en. has been maintained. 

Very little current adjustment had to be made to maintain the same depth of 
en. to approximately 1000 pulses/sec. At higher frequencies, however, a mod- 
erate current increase was necessary (at 3000/sec. the current was about 
doubled). The cause of this rise in current intensity is probabty due to polariza- 
tion effects. 

In similar experiments, the pulse frequency has been decreased after establish- 
ing en. at frequencj’’ 120 /sec. It has been possible to go down as far as 15 to 20 
pulses per sec. and once even to 5 pulses per sec. without awakening the animal. 
At the lowest frequencies, tremblings and twitches occur which are synchronous 
with the pulses. There is also a tendencj* to develop kinetic sjTnptoms, espe- 
cially righting. No significant current adjustment was necessaiy in these ex- 
periments. 


TABLE 1 

Rheobase and chronazie of electronarcosis 


Number of animal 

1 

2 

3 

i 

5 

Rheobase in ma 

Chronaxie (millisec.) 

105 

0.14 

85 

0.16 

105 

0.14 

100 

0.14 

75 

0.16 


The other waj'’ in which the influence of frequency has been examined was to 
produce a series of short en. (of about 15 min. duration) ivith pulse currents of 
various frequencies applied from the beginning. This type of experiment has 
been performed on two animals using the frequencies 30, 60, 120, 240, 480, 1080 
and 2160/sec. Again, en. with pulse frequency 480/sec. and above were less 
quiet than with the lower frequencies. 

It thus seems possible to maintain as well as to produce en. with pulse currents 
of a wide range of frequencies. 

Ekclronarcosis with alternaiing currents of various frequencies. A set of e.x- 
periments, similar to those described for pulse current, has been performed with 
sinusoidal alternating current of various frequencies. In part of the experiments 
en. i\ as initiated in the usual waj’’ with 60 cj’^cle current. The frequency was then 
changed and the current strength was adjusted so as to produce the reference 
depth described above. The symptoms of en. produced with alternating current 
arc identical with those produced with pulse current. 

A range of frequencies between 30 and 8000/sec. has been examined. Electro- 
narcosis was less quiet at frequencies above 500, especially in the range between 
500 and 2000/sec. The current necessarj- to maintain the reference deptli at 
these vanous frequencies had a minimum at about 100 cycles /sec. A slight cur- 
rent increase was necessary when the frequency was decreased to 30 /sec. As the 
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frequency was increased, however, the current had to be increased considerably. 
At 8000 cycles/sec., for instance, about 10 times as much current had to be ap- 
plied as at 100 cycles/sec. From these data, a strength-frequency'' curve can be 
plotted (fig. 2). This curve resembles sti-ikingly the pararesonance curves de- 
termined in a similar way by stimulating peripheral nerves vnth. alternating cur- 
rents of various frequencies (Copp4e, 1934). 

In one animal a .series of 15 minute electronarcoses was gi'r'en, applydng al- 
ternating currents of various frequencies from the start. In this way, the fre- 
quencies 30, 60, 120, 240, 500, 1000, 2000 and 4000 cycles/sec. have been ex- 
amined. Electronarcosis could be produced with all these frequencies. The 
strength-frequency curve, plotted from this series of experiments, corresponds 
well 'U’ith the strength-frequency curve of the same animal which was determined 
during a single session. 

It can be concluded that en. can be maintained and produced with alternating 
current of a wide range of frequencies. 

Experiments with direct current. In the first attempts to produce en. with 
direct current, a strong current (300-500 ma) was applied for 30 sec. which was 
then diminished to a lower level (150-200 ma). It was found, however, that 
even a current of 500 ma maintained during the entire experiment causes the 
same symptoms and does not endanger life. It is not feasible to use higher cur- 
rents, since a current of 500 ma has a considerable heating power (approximately 
50 watts). 

Immediately after making the cuiTent the animal falls down in a flexed posi- 
tion. Usually this is followed after a few seconds by stretching of the legs. Ten 
to 15 seconds later, clonic twitches appear which go on for 15 to 30 sec. A con- 
tortion of the neck toward the positive pole develops. Respiration returns after 
30-50 sec. irrespective of current strength. Except for the contortions, these 
initial symptoms resemble a milder and abbreviated form of those following the 
application of pulse or alternating current. 

The contortion of the head towards the anode remains for the duration of cur- 
rent application. It is probably caused by direct current stimulation of the 
labyrinths (galvanic labyrinth reaction). The head contortion brings into play a 
series of other reflexes which result in rolling movements (hlagnus, 1924). These 
rolling movements make it difficult to observe other symptoms. However, skin 
stimuli sometimes cause the flexion reflex, and pressure on the eye ball increases 
the rolling movements. 

After switching off the current, the animal rolls for some minutes towai’d the 
negative pole, and shows a head contortion in that direction. The recovery 
usually proceeds more slowly than after the application of pulse or altei'nating 
current. 

The application of direct current to the head causes sj'mptoms which are partly 
specific direct current effects (galvanic laby'rfnth reaction, rolling movements)- 
There is probably in addition an electronarcotic effect which, though much 
higher currents were used, was much weaker than that produced by^ pulse or 
alternating current. 
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Discussion. The strength-duration curves of electronarcosis, which have 
been obtained by applying repeated pulses, bear a striking resemblance to those 
obtained by appljnng single pulses to peripheral nerves. It is therefore stronglj’" 
indicated that en. is due to the stimulating properties of the current. The short 
chronaxie of electronarcosis (0.12-0.16 millisec.) indicates that highly excitable 
structures, nerve fillers or cells, are stimulated. This view is supported by the 
resemblance of the strength-frequency curve of en. and the pararesonance curves 
determined in peripheral nerves. The rise in intensity for liigh frequencies, 
necessitated by decreased duration of the stimulating current peaks, is clearly 
demonstrated by the data; the rise in intensity for low frequencies which is a' 
consequence of accommodation is onl 3 ’^ indicated, probabty because the frequencj’' 
range could not be extended sufficientty low. Thus the structures affected bj'’ 
alternating current in en. show the same features of excitation and accommoda- 
tion as do peripheral nerves (Hill, 1936). 

Although direct current of sufficient intensity can produce repeated discharges 
in nervous tissue, the stimulating power is much smaller than that of pulse or 
alternating current because of accommodation. Thus the weak electronarcotic 
effect of direct current also supports the Anew that en. is due to the stimulating 
properties of the current. 

Two mechanisms can be considered for the explanation of the depression of 
central nervous activitj' by stimulation. The diffuse application of current to 
large parts of the central nervous system will stimulate structures vdth excitatory 
as well as those mth inhibitoiy function. It is possible that, when these are 
stimulated simultaneoushq inhibition prevails. The inhibition of the knee jerk 
bj’’ a homolateral pain stimulus is an instance of the fact that simultaneous stimu- 
lation of excitatory’’ and inhibitoiy pathways results in absence of activity. 
Thus, according to this view, the normal central inhibition, irrespective of its 
mechanism, is responsible for en. 

The other possibility is that en. is due to Wedensky’ inhibition, and thus is due 
to the fact that impulses are set up at a frequency^ too high for the structures in- 
volved. The comparable effects of pulse and alternating currents of widely’ 
varydng frequencies can be considered as an argument against this view since 
I^'edensky’ inhibition would be produced AHth greater ease by high than by’ low 
frequency’ currents. Since reflex inhibition is sometimes explained on the basis 
of Wedensky’ inhibition, the difference between the two explanations of en. may’ 
seem veiy small indeed. 

.SUIIII.VRY 

1. The effects of electrical currents applied to the brains of dogs with elec- 
trodes placed on the temples have been studied. In addition to a type of elec- 
tronavcosis (en.) which resembles chemical narcosis and was described by Leduc 
another unquiet tyqie, characterized by righting reflexes and hyperkinesis has 
liceii observed. The quiet type has been designated as the narcotic, the unquiet 
type as the kinetic type of en. Pulse as Avell as alternating current can produce 

both types of en. and which type appears is for the most part an individual re- 
action. 
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2. The relation between the pulse duration and the pulse strength necessary to 
produce the same depth of en, has been determined; this relation resembles 
closely the strength-duration curves of peripheral nerves. 

3. Electronarcosis has been produced vdth a -wide variety of frequencies of 
pulse and alternating current. For alternating current, the relation between the 
frequency and the current strength necessary to maintain the same depth of en. 
has been determined; this relation resembles the pararesonance curves obtained 
for peripheral nerves. 

4. The electronarcotic effect of direct current is small as compared vith that of 
pulse or alternating current. 

6. It is concluded from 2, 3 and 4 that en. is due to the stimulating properties 
of the current applied. 


REFERENCES 

CoppjfiE , G. Arch. int. Physiol. 40: 1, 1934. 

Habheveld, a. van and D. J. Kok. Arch, n&erl. Physiol. 19; 24, 1934a. 

Arch. n4erl. Physiol. 19 : 265, 1934b. 

Hill, A. V. Proc. Roy. Soc., London, ser. B. 119: 305, 1936. 

Kedder, C. J. Acta brevia Neerl. Physiol. 1: 100, 1931. 

Koch, H. .wd G. Sack. Ztschr. ges, exper. Med. 90: 365, 1933. 

Ledvc, S. C. R. Acad. Sci., Paris 136: 199, 1902. 

Magnus, R. Korperstellung. Springer, Berlin, 1924. 

Neergard, K. von. Arch. klin. Chir. 122: 100, 1922. 

Sack, G. and H. Koch. Ztschr. ges. exper. Med. 90: 349, 1933. 

Silver, M. L. Proc. Soc. exper. Biol. 41: 650, 1939. 

Tschagowetz, W. Pfluger’s Arch. 146: 567, 1912, 

Zimmermann, j. Mvinch. tierilrtzl. Wchnschr. 80: 121, 141, 155, 1929. 



THE SECRETION OF RENIN BY THE INTACT laDNEY 

F. HUIDOBRO AND E. BRAUN-MENENDEZ 
From ihe Institute of Physiology, Faculty of Medical Sciences, University of Buenos Aires 

Received for publication April 10, 1942 

Hypertension which follows constriction of the renal arteries is accompanied 
by the liberation of renin into the blood by the ischemic kidney (9, 4, 14, 3). 
Renin, which appears to be an enzyme, acts on a blood globulin (hj’pertensin 
precursor) and gives rise to hypertensin, a substance which by its vasoconstrictor 
action and its action on the heart, produces a rise in blood pressure (12, 1, 2, 13). 

Since the discovery was made that the ischemic kidney liberates a pressor 
substance into the blood the question arose whether this pressor substance re- 
sulted from the pathologic condition of the kidne}’- or whether it was produced 
already in small amounts by the normal kidney. Some observations afford 
indirect evidence in favor of a normal secretion of renin. Dogs nephrectomized 
24 or 48 hours previously are more sensitive to the pressor action of renin (17, 11, 
18, 5, 15, 8, 16). In these animals an increase in the concentration of h^'^pertensin 
precursor has been found (13) as well as a hypersensitivity of the vessels to 
hypertensin (15, 8, 16). Both these findings would indicate that the kidney 
secretes normally minimal amounts of renin. 

The graft of a normal kidney into the neck of a normal or recently nephrec- 
tomized dog does not produce a rise in blood pressure (9, 4, 6). A very definite 
one is obseived, however, if the receptor dog has been nephrectomized 48 hours 
previously (6). The hypersensithdty of these animals reveals the presence of 
renin in the venous blood of even a normal kidney. The obvious objection is 
that the total ischemia to which the kidney has been subjected from the moment 
at which it is excised to the moment at which the graft is completed maj’- cause 
the accumulation of renin in the kidney. If the kidnej'- is grafted into a normal 
dog no rise in pressure is elicited because the amount of renin liberated bj^ the 
kidney is extremely small. In a dog nephrectomized 48 hours previousl}’-, how- 
ever, where the sensitivity to the pressor action of renin is greater, a definite 
rise is obseived. 

Though these findings suggest that the intact normal kidney perhaps 
secretes renin into the blood, its first clear demonstration was made b}”- 
Houssay et al. (7). Renin was estimated in sj^stemic blood of dogs after its 
intravenous injection. The concentration of renin usually reached a peak and 
then gradually diminished until it disappeared in from 1 to 4 hours. In two of 
the control dogs in which the kidneys had been manipulated but not remolded, 
the concentration of renin in the blood began to increase. These dogs presented 
the picture of shock vith low blood pressure and sighing respiration. In view 
of this observation which suggested that in shock the kidney might liberate 
renin, a systematic study was thought ad\'isable. 

The experiments which we will report show that hypotension even of short 
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duration causes tire intact normal Iddney to secrete renin into the blood in 
amounts sufficient to be estimated in the general blood of normal anesthetized 
dogs. The inference is drawn that the kidney participates in the regulation 
of arterial blood pressure and that renin is one of the many physiologic substances 
which the body uses to maintain its constant state. 

Material and methods. Dogs anesthetized with nembutal (0.04 gram 
per kilo) or amytal (0.05 gram per kilo) were used. Renin was estimated in the 
blood by the direct method of Leloir et al. (10). This method is based on the 
estimation of the pressor action of hypertensin formed when blood plasma which 
contains renin and which has been freed of hypertensinase by acidification is 
incubated for 2 hours at 37°C. with hypertensinase-free bordne plasma. 

Experiments and results. A. Hemorrhage: Group I. Normal dogs 
weigliing from 8 to 33 kilos and anesthetized by the intraperitoneal adminis- 
tration of nembutal were used . The blood pressure was determined by a cannula 
introduced into the carotid arteiy and connected to a mercury manometer. 
A sample of arterial blood urns obtained for the determination of renin. Blood 
was tlien withdranm from the femoral artery each ten minutes in an amount 
corresponding to 1 per cent of the body weight until 4 per cent was reached. 
At intervals varying from 30 to 120 minutes after this moment, new samples of 
blood were obtained for the determination of renin. The results are shorni in 
table 1. In ail, 16 experiments were made. Six of these were negative, that 
is to say, no renin was detected in the samples of blood obtained after hemor- 
rhage. As can easily be seen, the causes of this failure were; a, the amount 
of plasma used for the determination was too small (6 to 8 cc.) in dogs 
2, 3, 4, 8, 9, and 10; b, the time elapsed since the hemorrhage was complete 
was in most cases too short (30 min. for dogs 2, 3, and 4 and 40 for dog 9). 
Furthermore, in dog 8 the blood pressure remained at a level of 90 mm. Hg. 
The other 10 dogs all had renin in the systemic blood following varjung periods 
of hj^potension due to hemorrhage. In some cases (dogs 11 and 14) it can be 
seen that the concentration of renin in the blood gradually rose. To be sure 
that the pressor action obtained bj’’ the injection of the extract of plasma in- 
cubated wdth hjTiertensin precursor for 2 hours at 37°C. was really due to renin, 
all the controls recommended by Leloir et al. (10) and others were prepared. 

Group II. That the kidney was responsible for the appearance of renin in the 
sj'stemic blood of the dogs after hemorrhage rvas shown by the negative results 
obtained in 6 nephrectomized dogs subjected to the same procedure (table !)• 

Group III. In 3 dogs the kidneys rvere completelj’’ denervated before hemor- 
rhage. This was accomplished by externalizing the kidney through the lumbar 
route, cutting all visible nenms, and nibbing vein and arterj^ with a gauze 
soaked in alcohol. Hypotension was then produced bj’^ removing blood in the 
same manner as already described. Renin was found in the blood of these dogs 
in amounts comparable to those found in the normal intact dogs of gi'oup I 
(fig- 1). 

Group IV . Tosecwhetherarterialhj’]iotensionproducedby someothermethod 
would produce the liberation of renin by the kidnej’, 2 dogs with the adrenals 
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removed and anesthetized with nembutal were subjected to repeated manipu- 
lation of the small intestine. The blood pressure fell progressively (fig. 2) 
while the renin content of the blood rose. Two normal control dogs failed to 
show either hypotension or renin in the sj^stemic blood as a result of the 
anesthesia. 

Group V. Experiments were made Avith the aim of destrojdng as much as 
possible the tubular cells to see Avhether in these conditions the kidney still 


TABLE 1 


Dclcrminalion of renin ofsyslemic blood of aneslhclized dogs after hemorrhage of k per cent of 

body weight 


GROUP 

DOG 

WEIGHT 

VOLUME 

OF PLASMA 
USED IN 
TESTING 

UNITS OP RENIN IN VOLUME OF PLASMA USED IN TITRATION 

Before 

After (minutes) 

30 

^0 

50 

60 

70 

90 

120 



kgm- 

CC. 









Normal dogs 

1 

21.0 

8 

0.00 

0.46 








2 

13.0 

8 

0.00 

0.00 








3 

12.5 

8 

0.00 

0.00 








4 

11.3 

8 

0.00 

0.00 








5 

8.5 

12 

0.00 




0.41 




j 

6 

10.0 

12 

0.00 




0.11 





7 

11.5 

12 

0.00 




0.54 





8 

10.0 

6 

0.00 







0.00 


9 

8.4 

8 

0.00 


0.00 







10 

10.8 

8 

0.00 






0.00 



11 

18.5 

12 

0.00 




1.08 


2.40 



12 

23.0 

12 

0.00 




0.41 





13 

10.5 

12 

0.00 



0.41 






14 

11.0 

12 

0.00 





0.37 


0.60 


15 

12.6 

12 

0.00 




1.20 





16 

11.0 

12 

0.00 






0.92 


Nei ) lirec - 

17 

13.3 

12 

0.07 

0.03 




0.00 



tomized 

IS 

10.9 

12 

0.04 


0.00 




0.00 


dogs 

19 

18.0 

12 

0.00 




0.00 





20 

16.0 

12 

0.00 




0.00 





21 

9.7 

12 

0.04 



0.01 






22 

8.9 

12 

0.02 


0.03 




j 



liberated renin on induction of hypotension with the same technique as in group I. 
Five dogs wore injected subcutancou.sly with 10 mgm. per kilo of uranium 
nitrate and 3 dogs were given by .stomach tube 10 to 25 mgm. per kilo of mercuric 
chloride. In both groups of animals wido.spread le.sions of the tubular cells were 
ob.'^ei-ved .siicli a.s granular degenerative lesions and necrosis of the cells, presence 
of hyaline eylindem in the lumen of the tubules, etc. The glomeruli showed onlv 
slight changes in some cases.' Alost of these dogs had low blood pressure before 
hyjiotension was induced by hemorrhage and in these eases renin was found in 
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the blood in vaiying amounts but its concentration increased after hemorrhage. 
When the blood pressure remained normal no renin or only small amounts were 
found before the induction of hypotension. The renin concentration increased 
veiy markedlj^ after hemorrhage (table 2). The significance of these observa- 
tions is still uncertain. The destruction of the tubules though extensive cannot 
be made complete; on the other hand the tubular lesions maj’’ facilitate the lib- 



Fig. 1. Above: Blood pressure of 13 kilo dog loith densrvated kidneys after hemorrhage. 
Nembutal anesthesia. Carotid pressure in millimeters of mercury. Time in minutes. 
Up^^’ard signals indicate withdrawals of blood in order to maintain a low blood pressure. 
Downward signals at 1 and 2 indicate samples of blood withdrawn for estimation of renin 
before and 61 minutes after hemorrhage. Ten minute interval between A and B; 7 minutes 
between B and C; 20 minutes between C and D; and 7 minutes between D and E. 

Below: Assay of renin in samples of blood obtained before and 61 minutes after Imnorrhage 
of animcl charted above. Dog of 8.5 kilos anesthetized with amytal. Carotid blood pressure 
in millimeters of mercury. Si indicates intravenous injection of 1 unit of a standard solu- 
tion of hypertensin; 1, extract of blood plasma obtained before hemorrhage and incubated 
in the usual manner with hypertcnsinase-frec precursor; extract of blood plasma obtained 
after 61 minutes of hypotension and trc.ated in the same manner. 


oration of renin into the blood assuming that this substance is produced l)y the 
tubular cells. 

lb Renal anoTia: A possible explanation for the liberation of renin in hypo- 
tension would be anoxia of renal tissues due to the diminished blood flow through 
the organ. An attempt was made to produce renal anoxia without lowering 
blood ju’cssurc. 
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Group VI. To four anesthetized dogs- recehdng artificial respiration, potassi- 
um cyanide in doses of from 0.6 to 1.2 mgm. per kilo was given intravenousty. 
Samples of femoral blood were taken before and at intervals after the adminis- 
tration of cyanide. No renin was found in the blood. That the ability of the 
renal cells to secrete renin was not suppressed by cyanide was shonm by the 
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Fig. 2. Blood pressure and renin content of femoral blood of (a) control dogs and (b) 
adrenalectomized dogs in which shock was induced by intestinal manipulation. 

TABLE 2 


Dekrminadon of renin in systemic blood of dogs intoxicated loith nranhtm nitrate and mercuric 

chloride before and after hemorrhage 


POG NO. 

PRUG INJECTED AND DOSE 

j 

BLOOD PRESSURE 
BEFORE 

1 UNITS OF RENIN IN 12 CC. OF PLASMA 

1 USED IN TITRATION 


HEMORRBACE 

Before 

1 hemorrhage 

75 minutes 
after hemorrhage 

23 

U.N. 10 mgin./kgm. 

tnrrt.IIg 

70 

i 1 

1.20 j 

1.60 

24 

XJ.N. 10 mgm./kgm. 

70 

1.20 

2.70 

25 1 

U.N. 10 mgm./kgm. 

120 

0.60 

1.80 

20 

U.N. 10 mgm./kgm. 

140 

0.00 

3.70 

27 

U.N. 10 mgm./kgm. 

125 

0.10 

1.40 

2S 

HgCij 25 mgm./kgm. 

90 

0.03 

0.57 

29 

1 HgCl; 20 mgm./kgm. 

120 

0.00 

0.77 

30 

j HgCl; 10 mgm./kgm. 

105 

0.70 

l.SO 


appearance of large amounts of renin in the blood after hemorrhage was pro- 
duced in the usual manner in these intoxicated dogs (fig. 3). 

Group VII. In a large gasometer with a capacity of 100 liters, mixtures of 
respiratoiy gases were prepared and anesthetized dogs were artificially ventilated 
with these mixtures by means of a special pump (table 3). Dog 31 breathed a 
mixture with S per cent oxygen during one hour and no renin appeared in the 
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blood. Dogs 32 and 35 jjreathed a mixture with 6 to 7 per cent ox 3 ’’gen and no 
CO 2 for 50 and 30 minutes respectivelj’’ after Avhich no renin was found in the 
blood. In the latter dog an analj’sis of blood gases was made at the end of the 


mm. Hg. 



Fig. 3. Blood pressure aud renin content of femoral blood of dogs injected with KCN and 
subsequently subjected to hemorrhage. 


TABLE 3 


Determinalion of renin in systemic blood of anesthetized dogs breathing 7nixtnres of respirator!/ 

gases 


DOC 

WEIGHT 

VOLmiE 

OF 

VIASIIA 

USED 

FOR 

TESTING 

illXTlTRE OF 
GASES BREATHED 

UNITS OF SENIN IN VOLUIIE OF PE.VSirA USED FOE TIIEATION 

Betore 

After (minutes) 

20 

30 

40 

50 

60 

70 

so 


kent. 

CC. 










31 

7.5 

12 

8% 0= 

0.00 



0.00 


0.00 



32 

9.4 

12 

6 0: 

0.00 

0.00 



0.00 




33 

8.2 

12 

8 0= 

0.05 



0.83 





34 

12.7 

12 

S 0: 

0.00 





0.20 



35 

10.0 

12 

6| 0: 

0.00 


0.00 




0.00 


36 

9.8 

12 

49 O 2 ; 2%COo 

0.02 







0.21 

37 

11.0 

12 

7 0:; 5 COj 

0.00 



0.00 





38 

9.3 

12 

7 0:; 4| CO= 

0.00 

0.00 


0.00 






experiment and onlj’' 24 per cent saturation with O 2 was found in femoral blood. 
Dogs 37 and 38 breathed a mixture of 7 per cent oxj^gen and 4.5 to 5 per cent 
CO 2 for 38 and 40 minutes respectivel 3 ' after which no renin was found in the 
blood. 
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In two dogs, one after breathing a mixture of 8 per cent ox 5 ’'gen for 60 minutes 
and the other after breathing a mixture of 49 per cent oxygen and 2 per cent 
CO 2 for 80 minutes, 0.20 and 0.21 unit of renin respectively was found in the 
blood. In the first of these dogs the blood pressure had gradually fallen from 150 
to 95 mm. Hg in the course of the experiment. In the second, the blood pressure 
was rather low to begin with (110 mm. Hg) and remained at approximate!}'’ the 
same level throughout the experiment. 



Fig. 4. Above; Effect of repealed injections of amylal on blood pressure of 12 kilo dog anes- 
thetized with nembutal. Carotid blood pressure in millimeters of mercury. Figures indi- 
cate time at which the samples of blood were obtained for the determination of renin. Time 
in minutes. A, short and profound hypotension is produced by the intravenous injection of 
0.15 gram amytal. Between A and B, 25 minute interval. B, longer and more pronounced 
hypotension produced by the intravenous injection of 0.10 gram of amytal. Between B and 
C, 4 minute interval. C, a new injection of 0.10 gram amytal produces a definitive lowering 
of blood pressure. Between C and D, 7 minute interval. 

Below: Assay of renin in samples of blood obtained as indicated by the figures in the chart 
above. Dog of 8.0 kilos anesthetized with amytal. Carotid blood pressure in millimeters 
of mercury. Tlie samples of plasma were incubated for 2 hours at 37°C. with 8 cc. of hyper- 
tensinase-free precursor. St, injection of 1 unit of a standard solution of hypertensin. 
Ct, injection of extract of control plasma. 

To make sure that the ability of the renal cells to secrete renin was not altered 
during anoxemia, dog 33 breathing 8 per cent oxygen was subjected to hemor- 
rhage and after 39 minutes 0.83 unit of renin was found in the .s.ystemic blood. 

C. Short periods of aiierial hypotension: To confirm our sirspicion that some 
of the positive results obtained liy the breathing of gas mixtures poor in oxygen or 
rich in C’O; were due to the lowering of the blood pressure, .short periods of hypo- 
tension wei-e induced in 4 anesthetized dogs by the intravenous injection of 
amytal oi- by rajiid removal of moderate amounts of blood. Short peiiods of 
profound hy])otension of only 4 and 11 minutes in some cases (fig. 4) were 
sutlieient to produce the lilioration of renin by the kidnev. 
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Discussion. One important point must be kept in mind in interpreting the 
results of the experiments reported and that is that the accumulation of renin in 
the general blood in amounts sufficient to be detected by the method used means 
that the rate at which renin is liberated by the kidnej’^ is greater than the rate of 
its destruction or elimination by the body. In other words, the kidney may 
secrete renin into the blood in increased amounts and still if the rate of destruc- 
tion of renin is also increased its presence in the systemic blood may not be 
detected. 

The question of the concentration reached bj’^ renin in the blood is also of 
importance. When we say that no renin is present in the blood, we mean that 
no formation of h^qiertensin can be detected when a certain amount of plasma 
(6 to 12 cc.) is incubated with hypertensin precursor during 2 hours at 37°C. 
It is possible that by using larger amounts of plasma or longer periods of in- 
cubation, the presence of renin could be detected. Unfortunately in the method 
of Leloir et al. (10) for the estimation of renin, the amount of plasma which can 
be incubated is limited hy the toxicity of plasma extracts. 

The volume of circulating blood maj'' also be of importance in determining the 
concentration of renin in the blood. It is conceivable that the smaller the blood 
volume the more rapidly will renin accumulate in the blood. 

For all these reasons we cannot affirm with certainty that anoxemia of the 
kidney tissue is not the primary factor in the secretion of renin iDut our experi- 
ments are in favor of this view. In fact, discarding those in which the blood 
pressure was low, in none of the experiments in which severe anoxemia or histo- 
toxic anoxia was produced could renin be detected in the general blood. 

The blood pressure seems more likely to be the stimulus for the secretion of 
renin by the kidney, but we do not know in what way this stimulus acts upon the 
kidney. Assuming that the tubular cells are the site of formation of renin, it 
is possible that a reduced pressure in the capillaries which irrigate them alters 
in some manner the normal function of the cell or its permeabilit 3 ^ These 
hypotheses remain to be proven. One firm conclusion, however, can be drawn 
from this stud 3 q i.e., that hypotension, even of short duration, causes the intact 
normal kiclnej'^ to secrete renin into the blood in amounts sufficient to be es- 
timated in the general blood of normal anesthetized dogs. 

The normal kidney thus seems to participate in the regulation of the blood 
pressure. A lowering of the blood pressure determines the internal secretion of 
renin through which the formation of hjqiertensin will contribute to the normal- 
ization of the blood pressure. Renin appears to be a substance which not only 
appears as the result of a pathological disturbance of the kidnejq but one of the 
manjf phj’siological substances which the bodj’’ uses for its homeostasis at least 
in cases of emergenc}^ 


SUMMARY 

Profound lowering of the blood pressure bj’ hemorrhage (4 ])cr cent of bod.v 
weight) or shock causes the liberation of renin Iw the intact kidney' of normal 
anesthetized dogs. Renin can be detected in the .S 3 ’stemic blood of these dogs. 
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Renin could notbe detected in the blood of nephrectomized dogs after hemorrhage 
or in normal dogs intoxicated with KCN or subjected to respiration of mixtures 
poor in oxj’-gen. After short periods of 4 to 1 1 minutes of profound arterial hypo- 
tension renin could be detected in the systemic blood of normal dogs. 

The inference is drawm that the kidney participates in the regulation of arterial 
blood pressure. When the blood pressure decreases the normal kidnej’- secretes 
renin which through the formation of hypertensin tends to the restoration of nor- 
mal blood pressure. Renin appears to be a substance wliich the body uses to 
maintain homeostasis. 
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Methemoglobin may be formed from hemoglobin in vitro by a wide range of 
oxidizing agents. Such compounds also act in vivo if they can permeate the 
red cell membrane; other substances such as aniline and its derivatives (in- 
cluding the sulfanilimide series) are ineffective with hemoglobin solutions but 
do form methemoglobin in vivo, possibly because thej" give rise, in the course of 
their metabolism, to intermediate compounds with oxidizing properties, e.g., 
aminophenol or phenylhydroxjdamine. Methemoglolunemia is accordingly 
a fairly common condition both in chemical industries and in drug therapy 
(for reviews v. Peters and Van Slyke, 19; Wendel, 22). The symptoms are very 
similar to those pi'oduced by an equivalent degree of CO-hemoglobinemia, (see 
especially (14)) the toxic effects in both cases being much greater than those 
produced by the same amount of anemia. Some further action besides the 
lowering of the O 2 carrying power of the blood is therefore indicated. In the 
case of methemoglobinemia this has been thought to be due entirely to the direct 
effect of the methemoglobin producing agent on the tissues, e.g., vasodilatation 
in the case of nitrites. Carbon monoxide, however, does not act directlj'’ on the 
tissues except at pressures much higher than those usuallj’ found in CO poison- 
ing, and its extra effect has been explained in another way. Douglas, Haldane 
and Haldane (12) (see also Stadie and Martin, 20) observed that when part of 
the hemoglobin in blood is combined with CO, the oxygen dissociation curve of 
the remaining hemoglobin is shifted to the left and is less S-shaped. This 
“affinity effect” greatl}^ hinders the unloading of O 2 from the blood to the tissues 
and in Haldane’s view (13) accounts for the fact that “miners maj’" be doing 
•their ordinary work though their hemoglobin percentage is reduced to half or 
less by ankylostomiasis . . . whereas a person whose blood is half saturated with 
CO is practically helpless.” 

These findings with CO hemoglobin made us ask whether methemoglobin 
might not have a similar effect on the dissociation curve of oxj'hemoglobin. 
From a theoretical standpoint this is a reasonable question, since methemo- 
globin has long since ceased to be regarded as an irreversible compound; Conant 
and his colleagues (7, 8) have indeed shown that the same equililjrium point is 
reached between CO-hemoglobin, methemoglobin, CO, ferricyanide and ferro- 
cyanide from whichever side the equilibrium is approached. A. similar reversible 
equilibrium was also demonstrated in the presence of O 2 in place of CO. Now 
since Haldane’s work has proved that in the reversible system CO hemoglobin- 
ox\'hemoglobin-hemoglobin-C0-02, the presence of CO and COHb affects the 
equilibrium between 0; and hemoglobin (and similarly the presence of O 2 
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and 02Hb affects the equilibrium between CO and hemoglobin) it seems rational 
hj analogy to expect that in the reversible system oxyhemoglobin-hemoglobin- 
methemoglobin-ferricyanide-ferrocyanide-02 the presence of ferricj’'anide and 
methemoglobin would affect the equilibrium between O2 and hemoglobin. In 
the experiments of Conant and colleagues the concentrations of ferricyanide and 
of CO (or O2) were too high for there to be appreciable amount of reduced 
hemoglobin present; a search thi'ough the rest of the literature has equally failed 
to reveal any systematic data of the effect of methemoglobin on the oxyhemo- 
globin dissociation curve. In view of the theoretical interest of the matter and 
also of its possible clinical, industrial and even military importance we therefore 
decided to determine the effect of graded amounts of methemoglobin, made in 
several ways, upon the ox3’^hemoglobin dissociation curve. To avoid uncer- 
tainties due to pH and other ionic effects we have worked mainlj^ with solutions 
of washed red cells in 0.6 M phosphate buffer. In this medium the dissociation 
curve in absence of methemoglobin is found to be practicallj^ the same as in 
whole blood in which the pH of the red cells is brought to the same value bj- 
CO2 instead of phosphate. The progressive shift of the dissociation curve with 
increasing methemoglobin which we report below might thus be reasonablj'' 
expected to occur under more plrj’-siological conditions. This we have con- 
firmed by finding that the same shifts take place when methemoglobin is formed 
in the circulating blood after subcutaneous injection of sodium nitrite, but that 
the dissociation curve returns to nonnal when the methemoglobin has had time 
to be reduced back again to ordinaiy hemoglobin b\' the natural reducing 
systems of the red cell. These results, with some theoretical and practical 
implications, are presented lielow. 

Methods .xnd phocederes. We have used three methods for making 
methemoglobin from hemoglobin in vitro; 

1. Addition of potassium ferricyanide 

2. Incubation at pH 5.6 with low O2 pre.ssures (5) 

3. Addition of sodium nitrite 

Of these the first has been most fulh' investigated and is the best understood. 
Accordingly we have done most of our work with ferricyanide and have used 
the other methods for special conditions and for elimination of effects specific 
to ferricyanide. We have confirmed previous findings that 1 molecule of KsFe- 
(CN)6 per atom of Fe in hemoglobin forms methemoglobin almost stoichio- 
metrically. The excess ferricyanide required ,to convert hemoglobin to methe- 
moglobin, even when solutions were in equilibrium with 150 mm. Hg pressure 
of oxygen, was found to be only 5 per cent on the average. 

The preparation of the hemoglobin solutions and of the phosphate buffers, 
as also the technique for detennining the dissociation curves, were the same in 
the fcrric.vanide experiments as in all the other experiments. Details as to these 
common features arc given in this section, whereas details special to each of the 
three methods of making methemoglobin are given at the outset of the descrip- 
tion of corresponding results. 

Prcparalion of hemoglobin solutions. Fresh ox blood was obtained from a 



58 


ROBEET C. DARLING AND E. J. W. ROUGHTON 


slaughter house and defibrinated immediately by shaking with glass beads. 
Human red cells were furnished through the courtesy of Dr. R. M. Feny; they 
were the unused by-product in the collection and concentration of seram pro- 
teins. Both lots of red cells were centrifuged and washed with 1.5 per cent 
NaCl three times, minimal hemolysis was observed in the wash saline but the 
red cell mass obviously shrank under the action of the mUdly hypertonic saline. 
Red cells after washing were frozen and stored in that state. Small lots of these 
were thawed freshly for each experiment. Generally the single freezing was 
sufficient for laking; on a few occasions repeated freezing was carried out to 
ensure laking. 

In preparing the final dilutions of hemoglobin the recently thaAved cells were 
mixed with about | their volume of distilled w^ater (to reduce the high viscosity) 
and centrifuged to remove the red cell ghosts. The supernatant liquid -was 
perfectly clear. The oxygen capacity, after the addition of the buffers, and other 
solution, was usually 10 to 12 vols. per cent. 

Phosphate solutions. Three concentrated buffers of approximately pH 5.6, 
6.8 and 7.4 were made up. 

pH 5.6 = 1.009 M K:H2P04 -f 0.191 M K2HPO4 
pH 6.8 = 0.60 M KH2PO4 -f 0.60 M K2HPO4 
pH 7.4 = 0.24 M KH2PO4 -f 0.96 M K2HPO4 
The potassium salts were used in preference to sodium on account of their higher 
solubility. CO2 was removed from each buffer by evacuating and shaking in a 
large bottle three times. 

Determination of the oxyhemoglobin dissociation curve. The technique W'as 
essentially that of Dill, Hurtado, Graybiel and Tacquini (11) except that the 
gas phase in the tonometer was almost C02-free (analj'^sis usually show^ed less 
than 0.1 per cent). Barcroft type tonometers of about 300 cc. capacity were 
flushed with N2 and appropriate amounts of O2 were added from a gas burette. 
Four or 5 cc. of hemoglobin solution w^ere added to each, the taps sealed with 
mercury and equilibration carried out for 16 minutes at 37° in a w^ater bath. 
The solutions w^ere then removed under water into small sampling tubes over 
mercury wffiere they were stored in the ice box until analyzed. The gas phase 
of the tonometers was analyzed after they had cooled to room temperature. 
Gas pressure in the tonometer, temperature and barometric pressure were 
measured at the time of taking the sample into the Haldane apparatus. From 
these the pOo in the tonometer at 37° during equilibration wms calculated. The 
hemoglobin solutions were analyzed for O2 from 1 or 2 cc. samples in the Van 
Slyke apparatus. Dissolved oxygen in the buffered mixture was calculated 
from Brooks’ data, converting to the higher temperature of 37°. The factor at 
37° was taken as 0.0025 vol. per cent per mm. Hg of pOo. The oxygen capacity 
of each sample was detennined by equilibrating the residual sample after the 
analysis for content at room temperature in an open flask. At this temperature 
(25°C) the oxygen solubility factor of 0.0028 was used. 

Results. Experiments with methemoglobin made by ferricyanide. Each 
solution on which an oxyhemoglobin dissociation cur\m was obtained consisted 



tMOOpX wo 


JIETHEMOGLOBIN and equilibrium of O 2 AND HEMOGLOBIN 59 

of: 5 parts thawed red cells; 10 parts 1.2 M phosphate buffer; 2 parts K3Fe(CN)6 
solution; 3 parts distilled water. 

The ferricyanide solution was prepared from stock 0.02 hi K3Fe(CN)6 made 
from C,. P. chemicals, and diluted to the strength calculated to give the methemo- 
globin concentration desired. 

Oxyhemoglobin dissociation curves on such mixtures of hemoglobin and met- 
hemoglobin in 0.6 M phosphate, pH 7.4, are presented in figure 1 for the ox blood 
and figure 2 for the human. The progressive shift to the left with increasing 
methemoglobin and the fading out of the S-shaped inflection are at once ap- 
parent. Since ferricyanide is the other product formed when ferricyanide reacts 


ox HEM06L0BIM IN 0.6M. PHOSPHATE -pH 74 HUMAN HEMOGLOBIN-06M PH0SPHATE-pH74 



with hemoglobin to form methemoglobin, a control curve was obtained at a 
ferrocyanide concentration equal to the ferricyanide concentration used. This 
control curve agreed within experimental error with that obtained without added 
ferri- or ferrocyanide. The shift of the dissociation curve must then be seem- 
iBgly due to the influence of the methemoglobin and not to the inorganic ions. 

Qualitatively the changes are similar to the effects of COHb but roughly 
twice as much IMetHb as COHb is required to produce a given shift (see also 
fi?' 4). The same lelatu e shifts in the cuiA'e were found in determinations at 
(1) pH 6.8, 37°C (2) pH 7.4, 25°C. The effect of methemoglobin foimed b}'- 
ferricyanide is thus independent of species, temperature and pH within the 
limits tested. 

Experiments xoith methemoglobin made by aerobic oxidation. Brooks (5) has 
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sho^^^3 that methemoglobin is formed at a imimolecular rate, when hemoglobin 
is equilibrated for many hours with a gas phase containing O 2 , the velocity con- 
stant depending on the O 2 pressure, pH and temperature. His woi’k provided 
us with an entirely independent method of making methemoglobin, by means 
of which we hoped to remove any doubts still remaining that the shift of the dis- 
sociation curve might be in some way due to the ferricyanide in spite of the con- 
trols already mentioned. For making methemoglobin by Brooks’ method, the 
hemoglobin was made up in the pH 5.6 phosphate buffer exactlj’' as before but 
omitting the ferricyanide. One half of this lot was equilibrated in a tonometer 
at 37° for 2 hours, at the end of which time its O 2 capacity had diminished by 
35 per cent and, according to Brooks, an equivalent amount of methemoglobin 
had been formed. Both this sample and that not incubated ivere adjusted ap- 
proximatel}'’ to pH 7.4 b}’’ adding 1 cc. of 1.923 M K2CO3 to each 10 cc. of hemo- 
globin solution, and then evacuating and shaking for five periods of three 
minutes to remove CO 2 . 

The dissociation curves of these two solutions are shovm b}’" dotted lines in 
figure 1. The same t 3 "pe of shift is again apparent; in the lower half of the curve 
the shift is the same as with 35 per cent methemoglobin made bj'- ferricj’'anide, 
but in the upper half of the curve a greater shift is observed. The reason for this 
discrepancj’’ is not clear, but it maj’" be that the incubation at pH 5.6 also caused 
incipient changes in the globin thus changing slightlj* the characteristics of the 
curve. After 24 hours’ incubation at pH 5.6 an obvious change has been found 
to occur (v. Discussion). We have not searched for an exact explanation, since 
the discrepancj' was unimportant for our purpose, which was to demonstrate 
qualitativel.v the shift due to methemoglobin in the absence of a chemical oxidiz- 
ing agent such as ferricyanide. 

iSIethemoglobin forms slowly from ox^'^genated hemoglobin solutions or red 
cells even when thej^ are kept frozen in the solid state. The chemical mechanism 
of the change is probablj'^ the same as in Brooks’ experiments. It was therefore 
of some interest to find that hemoglobin solutions prepared from the stock of 
human red cells, after 3 months’ storage at — •5°C, contained about 12 per cent 
methemoglobin and 5 per cent inactive hemoglobin, and that the dissociation 
curve was shifted to the left bj'' an amount agreeing with that to be expected 
from the results obtained with methemoglobin prepared by Brooks’ method. 

In vivo experiments with nitrite methemoglobin. The action of nitrite on hemo- 
globin is extremelj’’ complicated. It varies with the molecular ratio of nitrite 
to hemoglobin, pH, presence or absence of O 2 and reducing agents, and possibly 
with other factors. Amongst the products of reaction found under vaiying 
conditions in vitro are methemoglobin, NO-hemoglobin and NO-metherao- 
globin (3, 4, 6, 14, 15, 16, 17). There seems, however, fairl}' general agreement 
that when nitrite is injected intravenoush'' or subcutaneously methemoglobin 
alone is produced in the red cells up to a maximum value and then as Haldane, 
iMakgill and IMavrogordato (14) were the first to show, the noraial hemoglobin 
i.s gradually restored. With intravenous injection of 30 mgm. nitrite per kgm. 
body weight, M'endel (23) found that methemoglobin rapidl 3 ’’ accumulates in the 
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red cells and after 1-2 hours reaches a maximum corresponding to a loss of about 
f of the oxygen capacity. It then progi-essively disappears, owing to the enzyme 
systems of the red ceils reducing it back to ordinary hemoglobin. The reducing 
substances concerned may be glucose and/or lactate (24). The reversion is 
complete after 8 to 9 hours-, reversal at a similar rate is found if the red cells are 
withdrawn at the peak of the methemoglobinemia and incubated iB vitro at- 
37°C. These observations afforded us a ready opportunity to test two important 
questions; 1. Does methemoglobin produced in vivo shift the oxygen hemo- 
globin dissociation curve just as it does when produced in vitro? 2. AVhen 
the methemoglobin is reduced back again to normal hemoglobin does the dis- 
sociation curve revert to its original position? 

The following is a protocol of an experiment on a 17 gram dog to answer these- 
two questions. 

9:15 a.m. Arterial blood obtained. Hematocrit = 45.3; HbOo cap. = 20.6 vol. per 
cent. 

9:24 a.m. 15 cc. 5 per cent NaNOj injected subcutaneously. 

9:24-11:30 Slight cyanosis of tongue appeared. Dog active, apparently unaffected. 

11:30 a.m. 20 cc. 5 per cent NaNOa injected subcutaneously. 

12:15 p.m. Vomited. More cyanotic. 

12:50 p.m. Abnoi-mally quiet. Obviously ill. 

1:00 p.m. Vomited again. Scarcely able to stand. 

1:20 p.m. Arterial puncture unsuccessful. 25 cc. venous blood obtained deep 
chocolate in color. Hematocrit 46.4; HbO; cap. = 6.5 vol. per cent. 

2:30 p.m. Unable to stand, respirations gasping. O 2 administration begun and con- 
tinued intermittently until 4:30 p.m. O.xygen caused prompt improve- 
ment in color, return of normal respirations and increased strength. 
Dog was able to stand after 15 min. of 0-. Stopping oxygen caused 
return of stupor and collapse. 

4:30 p.m. Finally awake but very weak without 0:. Still very cjmnotic. 

S:00 a.m. Next morning. Appeared normal, active, not cjmnotic. 17 cc. venous 
blood taken, normal color. Hematocrit 46.8 HbO- cap. = 21.5 vol. 
per cent. 

Next afternoon; The remainder of the blood, drawn at the height of the methemo- 
globinemia was found, after 38 hours in the ice chest, to contain only 
reduced hemoglobin. The 0» content was practically nil and the 0; 
capacity had returned to 20 vol. per cent. 

The tvain of symptoms through which the dog passed, and the changes in the 
hemoglobin of his red cells durihg the course of the experiment are in full accord 
with the observations of previous ivorkers. 

The oxyhemoglobin dissociation curves on the blood samples drauvi before 
at the height, and at the end of the methemoglobinemia are shown in figure 3. 
Equilibration was carried out at a CO 2 pressure of 40 mm. Hg, and the blood 
samples were analyzed in-omptly before any reduction of methemoglobin could 
occur. Again there appears the striking shift and change in the .shape of the 
curve in the presence of methemoglobin. The blood 23 hours after first giving 
nitrite has however exactly the normal properties and the normal dissociation 
curve. Since no evidence was found of pigments in the plasma of any of the 
blood samples, it is inconceivable that new hemoglobin equivalent to two-thirds 
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the total hemoglobin of the blood could be formed in so short a time as one day. 
The original hemoglobin of the blood in vivo must therefore have beeii largely 
changed to methemoglobin and then returned to noi-mal again. In so doing, the 
dissociation curve of the oxidiemoglobin suffered the characteristic shift in 
presence of methemoglobin, but reverted to normal with the reduction of the 


DOG BLOOD IN NITRITE POISONING AT p 00^=40 MM. HG. 



Fig. 3 

methemoglobin. We accordingly conclude that the methemoglobin shift of 
the dissociation curve occurs in vivo and is “reversible.” 

In vitro expcrimerits toith nitrite. One of the curves of figure 4b (solid tri- 
angles) shows the oxyhemoglobin dissociation curve of a hemoglobin solution in 
O.G IMolar phosphate buffer at pH 7.4 to which NaNO^ had been added to a con- 
centration of 0.0014 iM. The technique of preparing the solution was similar 
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to that used wdth ferricyanide. The exact nature of the pigments was not de- 
tei-mined; the gross color was that of methemoglohin. The oxygen capacity 
was reduced by 56 per cent and the curve shows a shift to the left in the same 
range as that produced by 56 per cent methemoglobin formed by ferricyamde. 

An attempt was made to obtain a dissociation curve on whole heparinized 
human blood to which its volume of 0.055 M NaNOo had been added in vitro. 
An exact curve was impossible to obtain since it was found that the oxj’^gen 
capacity gradually fell from 20 vol. per cent to 11.5 then rose over several hours 
to 17 .4. Furthermore it was found that the drop in O 2 capacity was not identical 

HUMAN HEMOSUOBtN IN 06M. PHOSPHATE BUFFER-pH 7.4 




Fig. 4 

at different O 2 pressures and temperatures. It can be concluded however even 
from this inexact data that the curve was shifted to the left. 

Additive effect of CO and methemoglobin. The qualitative similarity in the 
effects of COHb and MetHb on the oxyhemoglobin dissociation curve suggests 
that a similar mechanism must exist in the two cases. If so, the effects of the 
two compounds might well be additive when both are simultaneously present. 
This matter is also of interest to test from the practical angle in view of state- 
ments that 1, CO and nitrous fumes are sjmergistic in their action, a mixture of 
the two gases being more toxic than cither one when breathed alone. In- 
dividuals are sometimes exposed simultaneously to these two gases. 2, the 
toxic action of nitrous fumes may in some cases be in part due to methemoglobin 
formation (for discussion, see 17). 

Figure 4a shows the effects of a, 43 per cent MetHb made by ferricyanide; 
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b, 23 per cent COHb; c, a mixture containing 12 per cent COHb and 20 per cent 
jMetHb on the ox 3 diemoglobin dissociation curve in 0.6 hi phosphate, pH 7.4, 
37°C. The 43 per cent hletHb solution and curve were obtained as above. In 
the case of h and c a portion of the OjHb solution used in the control curve was 
converted entirety into COHb b 3 ’- equilibration with 7 per cent CO for 30 min- 
utes. For the final mixtures, 23 per cent and 12 per cent of this solution were 
used : the remainder was unchanged OsHb in b and unchanged 02 Hb plus KsFe 
(CX)6 to a concentration of 0.0013 M in c. Thirt 3 ’' cubic centimeters of the 
solutions b and c -were used in 300 cc. tonometers, so that the loss of CO to the 
gas phase should be insignificant, and the per cent COHb in solution remain 
constant. This was confirmed b 3 ’' actual anal 3 ’-ses of the hemoglobin solution 
after 1 to 2 hours’ equilibration. 

Figure 4b shows similarh’- the effects of d, 56 per cent nitrite MetHb; e, 
32 per cent COHb; /, a mixture of 29 per cent nitrite MetHb + 16 per cent 
COHb. The solutions were prepared as in the experiments of figure 4a save 
that there was a final concentration of NaNOo in d of 0.0014 M and in /of 0.0007 
M in place of ferric 3 '-anide. 

Inspection of figure 4a, b, shows close agreement beHveen the curves in 
presence of MetHb, COHb, and 50:50 mixtures of the two, Ijoth in the case of the 
methemoglobin made from ferric 3 'anide and of “nitrite” methemoglobin. The 
effects of methemoglobin and CO hemoglobin are thus clearb’^ additive. 

The quantitative shifts produced b 3 ’’ COHb in figures 4a and 4b agree Mth 
those found b 3 ^ Douglas, Haldane and Haldane and are greater than would be 
expected from the work of Stadie and Martin. 

Discussion. The results reported in this paper are worth 3 ’' of discussion 
both from the clinical and theoretical view'points. 

Clinical significance. The definite and reversi))le shift of the dissociation 
curve to the left in presence of methemoglobin constitutes, ive believe, the first 
definite proof that presence of methemoglobin in the red cells has an adverse 
effect on the respiratoiy function of the blood besides the loss of O 2 carityng 
capacit 3 ' which methemoglobin formation entails. This neiv effect of methe- 
moglobin helps to explain the close resemblance mentioned in the introduction 
between the toxic effects of equal degrees of CO-hemoglobinemia and methemo- 
globinemia. It suggests that more weight should be given than hitherto to the 
appearance of methemoglobin in the blood either in poisoning or in ding therap 3 '- 
Although 20 to 30 per cent methemoglobin should be tolerated well 63 " noiToal 
individuals, just as is 20 to 30 per cent CO hemoglobin, more than that would be 
likeh’ to lead to serious tissue anoxemia quite independent^’' of an 3 ’' direct toxic 
action of the methemoglobin-producing agent on the tissues. In ill subjects a 
danger point might well be reached at loAver concentrations of methemoglobin, 
and continued use of the offending dnig in the face of mounting methemo- 
globinemia would onl 3 ' be wise if the ding was for other reasons absolutely 
essential. 

The treatment for methemoglobinemia recommended 63 ’ Wendel (23) is the 
administration of raeth34enc blue, which catab’zes the cnz 3 ’me S 3 ’'stems of the 
red cell normalh* responsible for the reduction of methemoglobin in vii’o. He 
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has shown that with intravenous injection of 2 mgm. methylene blue per kilo- 
gram weight, the rate of restoration to ordinary hemoglobin is accelerated about 
fourfold in dogs. Our studies lend point to the further development of such 
work. 

The synergistic effect of CO and nitrous fumes, referred to previously, would 
be readily explained by the additive effect shown in figure 4b, if methemoglobin 
as well as CO hemoglobin, were certainly formed in the red cells under such 
circumstances. According to von Oettinger’s recent review (17), however, the 
incidence of methemoglobinemia in nitrous fume poisoning is spasmodic and in 
general far less common than other s 3 miptoms, e.g., especiallj" irritation of the 
respiratorj'- passages and pulmonaiy edema. 

Methemoglobin is probably produced more readily by the NO than by the 
NO 2 present in the nitrous fumes: the latter is naturally apt to be present in 
excess of the former and at concentrations of 50 to 100 parts per million (NO 2 ) 
produces pulmonary irritation mthin ^ hour. If a man breathed 75 parts per 
million nitrous fumes for 1 hour and were to absorb the whole of the fumes into 
his blood, calculation shmvs that the oxj^gen capacity of his blood ivould only 
be reduced by 4 per cent assuming a ventilation rate of 10 liters per minute, a 
blood volume of 5 liters and the development of an equivalent of methemoglobin 
for every molecule of nitrogen oxide absorbed. The natural reducing sj^stems of 
the rod cell are capable, according to Wendel (23), of reducing about 10 per cent 
of the total hemoglobin of the blood from methemoglobin per hour. It is thus 
not surprising that in the majoritj’- of cases of nitrous fume poisoning, methemo- 
globinemia is negligible in comparison with pulmonaiy and other s 3 ’’mptoms. 

In case of methemoglobin-producing agents like aniline, -which is a frequent 
source of methemoglobinemia amongst industrial w'orkers, it has been observed 
that the condition appears much more gradually than after nitrite, and likewise 
disappears more gradually. Aniline itself is probabb’^ not the true oxidizing 
agent, but gives rise to the latter sloiviy ; furthermore, the aniline itself may onb’- 
be slowly eliminated from the bod 3 L In such case the reversibility within the 
body is much less apparent than with nitrite, and therapeutic measures should 
be devised to promote excretion or destmction of the noxious agent, as w'ell 
as reduction of the methemoglobin. 

Theoretical interpretation and suggestions. The S-shape of the ox3iiemoglobin 
dissociation curve is now^ generally explained by the intermediate compound 
hypothesis which was first put fonvard in general form by Adair (1, 2) and w^as 
subsequently developed in a special form by Pauling (IS, 10). According to 
this hypothesis the blood hemoglobin molecule, since it contains 4 ferrous atoms 
of iron, reacts with O 2 in four stages. 


Hb4 -f- O 2 = Hb 402 
Hb402 + 02 = Hb404 

116404 + 02= Hb406 

Hb40c +02 = Hb40s 


( 1 ) 

( 2 ) 

(3) 

(4) 


At very low O 2 pressures the principal oxygen compound formed must be the 
monoxy compound Hb 402 , and the dissociation curve is practically a straight 
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line: it soon, however, takes an upward turn, which is assumed to be due to the 
greater ease of formation of the dioxy compound, Hb404, once an appreciable 
amount of the monoxy compound has been formed. The Hb^O^ in turn increases 
the ease of formation of Hb40c, etc. The S-shape of the CO-homoglobin disso- 
ciation curve is similarly interpreted. To explain the effect of COHlo in in- 
creasing the aflBnit}^ of the residual hemoglobin for O2 (fig. 4 a and 4 b) we must 
postulate that the formation of the monocarbonyl compound Hb4CO, etc., 
not only increases the ease of attachment of further CO molecules, but also 
increases the ease of attachment of O2 molecules to the residual iron atoms. 

According to current conceptions, the iron atoms are solely ferric in the 
methemoglobin molecule, which ma}'- be written (Fe+++)4X in distinction from 
reduced hemoglobin, in which the iron atoms are ferrous ((Fe++)4X). 

Application of the intermediate compound h5'’pothesis to the hemoglobin- 
methemglobin equilibrium leads to the postulation of intermediate compounds 
(Fe++)3 (Fe+++)iX, (Fe'*^)2 (Fe+++)2X, (Fe++) (Fe+++)3X. Since methemo- 
globin has been found to produce qualitativelj^ the same shift in the oxyhemo- 
globin dissociation curve as CO-hemoglobin does, we conclude that the oxi- 
dation of one or more of the ferrous atoms to ferric must increase the affinitj’’ 
of the remaining ferrous atoms for O2, in a similar but lesser degree than the 
effect produced by the combination of the same number of ferrous atoms with 
CO. This then is our interpretation of the results summarized in figures 1 and 2 . 

Two special cases can be conceived in which wholl}'- ferrous and wholl^y 
ferric hemoglobin could coexist without mixed ferrous-ferric intermediates 
being present. 

A. If the hemoglobin molecule contains not four but only one atom of iron, 
as in muscle hemoglobin and chironomus hemoglobin there can be no compounds 
of intermediate structure. Conversion of part of the hemoglobin to methemo- 
globin should not in these cases shift the dissociation curve from its norma! 
position or shape which is that of a rectangular hyperbola. It would be in- 
teresting to test this deduction experimentally, and likewise to study the redox 
potentials of these special hemoglobins,* since the intermediate compound hy- 
pothesis has also been considered in the interpretation of the redox potentials of 
the hemoglobin-methemoglobin system in the case of mammalian blood hemo- 
globin ( 9 , 21 ). 

B. If two parts of normal hemoglobin solution ((Fe++)4X) are quickly mixed 
with one part of hemoglobin solution which has been completely converted to 
methemoglobin ((Fe+++)4X), the solution just after mixture should contain 
onl}' completel}'" ferrous and ferric molecules. If the dissociation curve could 
be obtained quickh' enough there should be either no shift or a much smaller 
shift than usuallj^ found with 33 per cent MetHb. We did one test of this kind 
at pH 7.4 with methemoglobin made by ferrie3'-anide, but we could not reduce the 
time of the experiment below 15 minutes, and it is perhaps not surprising that 

‘T.iylor, J. F. and Morgan, V. E. J. Biol. Chem. 144: 15, 1942 have just, reported 
a study of the redox potential of the metmyoglobin-m 3 'oglobin sj’stem which indicates 
.a simple unimolecular reaction without anj' intermediate compounds. 
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we found the usual shift, for in tliis length of time the equilibrium between the 
various intermediates ((Fc*^) (Fe' ' ' ) 3 ^) etc.) might w'ell have been established, 
especially wdth the ferricyanide-ferrocyanide system also present and probably 
speeding up the necessary electron transfers. To avoid the latter possibility 
we did a similar experiment at pH 7.4 rvith methemoglobin made by Brooks 
method. Twenty-four hours’ incubation at pH 5.6, pOz = 20 mm. rvas, however,, 
necessai'y to prepare the methemoglobin solution by this method. Unfor- 
tunately during this prolonged period a strong reducing agent \vas found to have 
developed which rapidly used up the Oo in the equilibrated samples before 
analyses could be completed. The nature of this agent was not determined. 

Success might be attained with the ferricyanide method if the mixing of 
the hemoglobin solutions and determination of the oxygen equilibrium could be 
carried out in a fraction of a second by some rapid flow method. 

At very high percentages of methemoglobin only the molecules (Fe++)(Fe+++)3- 
X and (Fe+++) 4 X should be present and according to the law of mass action 
the dissociation curve should be a rectangular hyperbola, since the only equilib- 
rium to be considered would be that given hy the reaction. 

Oz -h (Fe++)(Fe+++)3X = (02)(Fe+^)(Fe+++)3X 

The scries of curves in figures 1 and 2 do shorv a progressive tendency from the 
S-shape towards the rectangular hyperbola, but we could not work \vith high 
enough percentages of methemoglobin (i.e., 95 per cent) to test this idea outright 
owing to 1, inaccuracies in the OsHb estimations with solutions of such low residual 
Oo capacity; 2, the possibility that the reversibilit}' of the S 3 ’’stem OsHb — 
Hb — Metllb — Oz — ferricyanide-ferrocyanide (v. Introduction) might lead to 
relatively large variations in the concentration of the reduced hemoglobin free 
to combine with Oz when the Oz pressure rvas varied and the total amount of 
ferrous hemoglobin \vas lo^v. The latter w'as not a significant factor -with the 
percentages of methemoglobin used in figures 1 and 2 but might well become so 
at percentages > 95. 

It seems probable that other hemoglobin compounds such as NO hemoglobin, 
sulfhemoglobin and the various derivatives of methemoglobin wmuld affect the 
oxyhemoglobin dissociation curve in the same way as CO-hemoglobin and 
methemoglobin have been shown to do. IVe have no evidence on the matter, 
but would suggest that sulfhemoglobin, and possibly also the so-called “inactive’’ 
hemoglobin would be of the most practical interest to study fii-st. 

SUMMARY 

1. In mixtures of methemoglobin and ordinary hemoglobin the oxygen 
dis.socia(ion curve is shifted to the left as the methemoglobin percentage in- 
creases: the shape also becomes progi'cssively less sigmoid and more hyperbolic 
The effect is qualitatively the same but quantitatively less than that produced 
b}' CO-hcmoglobin. 

2. The effect has been demonstrated in a, solutions of ox and human hemo- 
globm in 0.6 M phosphate with methemoglobin made by ferricyanide, aerobic 
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oxidation or nitrite; h, dogs’ whole blood during poisoning with nitrite. The 
size of the effect is the same over the pH range 6.8 to 7.4 and temperature range 
25 to 37°C. 

3. This effect of methemoglobin is reversible, as is shown bj^ the return of the 
dissociation curve to normal when the methemoglobin produced in the red cells 
of the dog by nitrite injection, has had time to be completely induced by the 
natural enzymic systems of the red cell. 

4. The shifts produced by CO-hemoglobin and methemoglobin are additive. 

5. This newly discovered effect means that in methemoglobinemia the tissues 
are liable to anoxemia, not only from loss of oxygen capacity of the blood, but 
also from increasing difficulty in the unloading b-om the blood of such oxygen as 
is available, hlethemoglobinemia should therefore receive moi’e attention in 
industrial conditions and in drug therapy than hitherto. 

6. The mechanism of the effect is believed to be due to the formation of com- 
pounds intermediate between reduced hemoglobin (wholly ferrous) and 
methemoglobin (wholly ferric), the conversion of one or more of the four ferrous 
atoms in the hemoglobin molecule to ferric leading to an increased affinit}’' of 
the remaining ferrous atoms for oxygen. 
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Man and expermiental animals when suffering from insufficiencj’- of the adrenal 
cortex are in shock. In 1933 Swingle et al. (1) likened this shock to that seen 
following trauma and postulated a role of the adrenal cortex in surgical shock. 
Since the publication of Swingle’s article the relation of the adrenal cortex to 
conditions accompanied bj'- low blood pressure and hemoconcentration has been 
debated. 

The low blood pressure and decreased plasma volume found in adrenal cortical 
insufficiency could be explained by an increased permeability of the capillary wall. 
Indeed many of the findings in this type of insufficiencj'' in man and experi- 
mental animals might be due to an altered permeability of cell membranes in 
general; it is conceivable that a primary effect of the adrenal cortex might be 
on the control of permeability. To test this hypothesis it was decided to study 
permeability where open to direct experimental observation. The permeability 
of the capillaiy membrane can be judged by the simultaneous examination of 
Ijlood plasma and lymph, and this present paper deals with the cer^'ical Ijmph 
of the adrenalectomized dog. It has been well established by Drinker and his 
collaboi-ators (2) that Ijmph collected from a trunk in the periphery of the bodj'' 
represents essentially extracellular fluid. The walls of the Ijmphatic channels 
are so freely permeable to extracellirlar fluid that onty one true cellular mem- 
brane, the capillary wall, exists between the blood stream and lymph. Any 
change in the comparative correentration of the constituents of lymph and blood 
plasma points, therefore, to an alteration in capillary permeabilitj''. 

Methods. To obtain adequate volumes of lymph, dogs were used. All 
experiments were made without general anesthesia because adrenally insufficient 
animals Irave apparently a decreased tolerance to various anesthetic agents, 
and also to exclude any complicating effect these agents might have upon capil- 
lar j' permeability (3). Tire dogs were fir-st trained to lie quietly strapped to a 
table on their back. Under aseptic precautions and with procaine hydro- 
chloride anesthesia (1 per cent sohrtion injected locally into the skin and sub- 
cutaneous tissues only) it was possible to cannulize the cervical Ijmphatic trunk 
low in the neck. The wound was closed around the cannula for the duration of 
the experimeirt. Efforts were made to reproduce the conditions of lymph 
collection of IMcCarrell of Drinker’s laboratory (4). The flow of lymph was 

’ Fellow of the Rockefeller Foundation. 
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' stimulated by flexing manually the head on the neck 15 times per minute; at 
the end of the minute the lymphatic vessel was emptied by gentle massage into 
the cannula. The flow of lymph was recorded by weight for each 10 or 20 min- 
ute period. 

In the animals on which both control and experimental observations were 
made, the controls were on lymph removed from the trunk of one side. After 
adrenalectomy the lymph was recovered from the trunk of the other side, the 
first trunk having been tied off. 

The protein of the lymph was measured by the refractometer on approxi- 
mately each cubic centimeter collected. The refractometer readings were 
checked in each experiment at at least one point by Kjeldahl nitrogen deter- 
minations. The chemical determinations were by standard laboratory pro- 
cedures. All blood studies were made on arterial blood except for a few of the 
d^m and thiocyanate determinations which were made on blood removed without 
compression from the external jugular vein. The plasma and extracellular fluid 
volumes were measured by the method of Gregersen and Stewart (5) during 
the course of the collection of the lymph. The arterial blood pressure was 
recorded from a cannula in the femoral artery during the insufficient but not the 
control period. 

Experiments. The experiments were divided into two groups; 11 dogs in 
all were used. 

Group 1 . Five dogs were adrenalectomized in two stages b 3 ^ the lumbar route. 
Thej’’ were then maintained on adrenal cortical extract- for four to six days in 
order to eliminate the complicating effects of operation and anesthesia, ^^ary- 
ing amounts of sodium chloride were given in the diet. During the development 
of insufficiency the animals were fed by hand if they refused to eat in order to 
minimize the factor of starvation. "ViTien the animals were definitely irrsufficient, 
but at varying degrees clinically and chemicallj^ both cervical tymphatic trunks 
were caimulated. Lymph was collected for two or more hours until the rate of 
flow was established and there Avas sufficient for the various analj’^ses. 

Three unoperated dogs were used as controls. 

The data for comparable blood and lymph samples of these eight animals 
are given in table 1. The Ijnnph figure is an average of several determinations. 

Group 2. Three dogs were observed both in the normal and insufficient states, 
each animal acting as its own control. 

After the right adrenal was removed, the control observations on lymph from 
one cervical tnink and the plasma and extracellular fluid volume determinations 
were made.* A^Tien the neck wound was sufficiently healed to exclude infec- 
tion, the left adrenal was removed. Cortical extract rvas injected for four to 
seven daj's before the animal was allorved to develop insufficienc 3 ^ A high salt 

- We are indebted to The Upjohn Company for generous gifts of adrenal cortical extract 
for these experiments. 

^ Although a mild insufficiency may result following the removal of one adrenal (6), it 
is considered that with the passage of time in a healthy animal the remaining gland under- 
goes sufficient hypertrophy to give normal function. 













TABLE 2 

Lymph and blood findings, plasma and extracellular jliiid volumes in 3 dogs before and after adrenalcclomp 
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intake was given by substituting normal saline for drinking water, and food was 
forced. None of the animals vomited. Finally when the dogs were unsteady 
but not in severe or terminal insufficiencj’’, the other lymphatic trunk was can- 
nulated. Ljmph was collected, the blood pressure followed, and the plasma 
and extracellular fluid volumes determined. 

The results of these experiments are given in table 2; as in table 1, average 
figures are given when more than one comparable determination was made. 

In table 3 is given the flow, the protein concentration and weight of each 
sample of lymph collected, and the blood pressure throughout the experiment 

TABLE 3 


Lymph flow, concentration and weight per ininute of lymph protein collected from a cervical 
lymphatic trunk in dog 9 before and after adrenalectomy 


CONTROL 3.19.41 

ADRRNAL JNSUITICIENCY 4.10.41 

Time 
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Blood 
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• Six hundred cubic centimeters physiologic saline in 20 minutes. 


of dog 9. The effect of an intravenous injection of physiologic saline is shown 
by the figures in this table. Such an injection was given in the three dogs of 
this gi'oup. 

Results. Lymph flow. The flow of Ijmph continues in adrenal cortical 
insufficiency but apparentlj’’ at a lower rate. The results however are not con- 
sistent. The greatest flow obseiwed was in a severely insufficient animal, dog 2. 
Tlie flow averaged 106 mgm./min. from either cannula in spite of a blood pres- 
sure of only IS mm. Hg. The least flow was 17 mgm./min. in dog 11, an animal 
in only moderate insufficiencj’- and ha\dng a blood pressure ofTlO mm. Hg. 

Because of the variation encountered in the different animals, both control 
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and experimental, perhaps the most reliable evidence comes from the animals 
in group 2 in which each animal acted as its own control. The lymph flow in 
these three animals "was less in the insufficient state. In two there was a 25 
per cent reduction, and in the third, dog 11, a 60 per cent reduction.^ There was 
no observable correlation between the volume flow and the extracellular fluid 
volume or blood pressure in these three dogs. 

An intravenous injection of 600 cc. of ph 3 ’’siologic saline wms given the three 
dogs in group 2 after the determination of the plasma and extracellular fluid 
volumes. Its effect on the Ij-mph flow was not significant^ different in the 
normal and insufficient states. The entire injection was given within 20.minutes. 
After a latent period of about 20 minutes the flow of lymph was increased. The 
results of a typical experiment are shonm in table 3. 

Protein. The protein content of cervical tymph was increased in the adrenally 
insufficient dog. The average concentration of all the controls wms 2.8 grams/ 100 
cc. and of all the insufficient animals 4.3 grams, an average increase of 1.5 grams, 
or 54 per cent. The increase above normal wms as great in moderate as in severe 
insufficiency. 

In the two animals in severe insufficiencj’’, dogs 2 and 3, the protein con- 
centration of the lymph remained the same throughout the period of collection. 
Such a stationary concentration of Ijnnph protein wms encountered in all of the 
controls. In the adrenalectomized animals in more modei’ate degrees of in- 
sufficiency there was a stead j'’ rise in the protein of the Ijunph. The difference 
in protein concentration at the beginning and end of the period of collection 
amounted to 0.7 to 1.0 gram for the various animals. This rise in protein in 
the insufficient state is well illustrated in dog 9, table 3, where there was an 
increase of 1 .0 gram in two and a half hours. Dm’ing this period there was a 
steady decline in blood pressure. The animal was slipping into shock, presum- 
ably owing to the manipulations and withdrawals of blood. Such a rapid 
decline was seen in the other animals in moderate insufficiencjn It is clear that 
although the protein concentration of the lymph is elevated in moderate in- 
sufficiency when the animal is able to walk and even run, there is a 
further increase as the animal goes into shock. 

The weight of protein recovered per minute, since it depended upon the volume 
of flow, was variable. It was highest in those insufficient animals in group 1 
having a big flow, and in this group the insufficient animals averaged higher than 
the controls. In the second group, two animals put out less protein into the 
cannula per minute in insufficiencj^ in spite of the increased concentration. Dog 
9 (table 3), on the other hand, even with the decreased flow, in insufficiency had 
a greater output of protein. 

* It should be pointed out not only that the lymph flow varied considerably in the norma! 
animals under what apparently were similar conditions, but also that the pumping of lymph 
in the normal and insufficient anim.als may not be comparable. The normal animals re- 
sisted the head wagging while the insufficient dogs were apathetic. Such continued muscu- 
lar resistance, even though mild, m.ay have made the pumping more effective- 
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The serum protein concentration was increased in the insufficient state as ex- 
pected. The average of all the controls was 6.3 grams/100 cc. and of all the 
insufficient animals 7.0 grams, an increase of 0.7 gram. 

The averages of both lymph and serum proteins in insufficiency were reduced 
by the exceptional findings in dog 5. In this animal both proteins were consider- 
ably lower than in the other adrenalectomized animals, yet the dog was clinically 
clearly deficient. During the period of collection, the lymph protein rose from 
2.7 grams to 3.6 gi-ams. 

The two enzyme systems investigated showed an increased actmty in the 
Ijnnph of the adrenally insufficient animals, a finding consistent with the increase 
in lymph protein. The amylase activity was increased in the blood serum in all 
of the adrenalectomized dogs (6). The amylase activity in the lymph in five 
animals rose proportionately to the rise in the serum; in three (nos. 1, 2 and 3) 
the activity almost equalled that of the serum, suggesting an increased filtration 
through the capillary wall of the protein associated vfith the amylase. 

The choline esterase activit}'’ (7) showed an increase in both blood serum and 
IjTOph in the two animals in which it was measnred (nos. 9 and 10) . In the first, 
the increased activity was significantly greater than the rise in serum protein and 
hematocrit would account for, and in the other it was not. In neither animal 
was the proportion between the activity in Ijunph and serum disturbed. 

Electrolytes. The concentrations of the total base, sodium and potassium in 
the lymph varied but little from those in the blood serum in both the normal and 
insufficient states. Due presumablj’’ to the different amounts of salt included in 
the diet, some of the insufficient animals had normal concentrations of total base 
and sodium while others were partially depleted. In all deficient animals the 
potassium was to some degree elevated. 

The high calcium level of cervical Ijunph reported by Heim (8) in dogs under 
nembutal is confirmed in these experiments for dogs under local anesthesia. The 
l 3 Tnph calcium in contrast to spinal fluid calcium is almost as high as that of the 
serum. The pre^dously reported (9) normal serum calcium level in adrenally 
insufficient dogs is confirmed with one exception. In dog 10 the serum calcium 
reached 9.6 m.Eq./l. and the lymph calcium 6.8 m.Eq./l. The increased pro- 
tein concentrations alone could not account for these findings; thej’- are un- 
explained. 

The chloride concentration of the control Ijmph is significantly higher than 
that of the serum, the difference ranging from 6 to 10 m.Eq./l. In the insuffi- 
cient dog this dift'erence becomes obliterated, presumably due in part to the in- 
crease in protein which acts as an acid equivalent. The decrease in COo concen- 
tration of the serum (9) is confirmed. The degree of change is nregular and does 
not fall to 50 per cent of the normal until the late stages of insufficiency. 

_ ^'on~proicin nitrogen. The non-protein nitrogen, elevated in adrenal insuffi- 
ciency, was sometimes higher, sometimes lower in the Ijunph than in the serum 
of the adrenalectomized animals. In the normal dogs the non-protein nitrogen 
of the hmiph was either equal or slightly higher. 
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Sugar, Differences in sugar concentration between lymph and whole blood 
were encountered. In the control dogs 6 and 7 the lymph sugar was 36 and 47 
mgm. higher than that of the blood. 

In insufficiency the sugar levels in general were lower but the lymph sugar level 
was as often below as above that of the blood. The lymph sugar ranged from 16 
mgm. below the blood sugar to 49 mgm. above. The significance of these find- 
ings is not clear since plasma sugars before and after fermentation were not done. 
Heim (10), studying dogs under nembutal, pointed out that if allowances were 
made for the unequal distribution of sugar between plasma and cells of the blood 
and for non-fermentable reducing substances in both blood and lymph, there was 
little or no difference in sugar concentrations between blood plasma and lymph 
in terms of concentration in water. 

Plasma and extracellular fluid volumes. The plasma volume was decreased 44 
to 54 per cent in adrenal insufficiency in the three dogs of group 2. Changes in 
the extracellular fluid volume, in contrast, were not consistent; it was decreased 
in one, unaltered in another, and increased in the third. 

A constant blood pressure graph was determined on two of the animals during 
and after the injection of the thiocj'-anate. No significant change in blood pres- 
sure occurred in either the normal or insufficient states for the first five minutes 
from the onset of the injection. This observation was made because in two of 
the initial observations in the adrenaleetomized animals, shock apparently pro- 
gressed more rapidly after the thiocyanate had been given. It is believed that 
the shock was due to the blood letting and experimental conditions rather than 
to any sensitivity of the insufficient dog to thiocyanate. 

Discussion. The increased protein content of cervical lymph in the adrenal- 
ectomized dog helps to explain the state of shock characteristic of these animals. 
It has been known for many years that the shock due to lack of adrenal cortical 
hormone is associated with decreased plasma volume and hemoconcentration. 
There has been confusion however as to how much these changes were due to 
water and electrolyte loss from the plasma and how much to total plasma loss. 
The present experiments offer the first direct evidence that, in addition to any 
change in water and electrobde distribution throughout the body, there is an 
abnormal loss of plasma protein from the blood stream into the extracellular 
spaces. This leakage of plasma protein is due presumably to an increased capil- 
laiy permeability. 

The disturbance of osmotic equilibrium bj’’ such an increase in protein concen- 
tration in lymph, and therefore in extracellular fluid, has recently been stressed 
by McCarrell and Drinker (11). In dogs getting a constant intravenous infusion 
of histamine they found an increased flow of lymph of high protein content in 
spite of the lowered blood pressure. The change in capillary permeabilitj’’ in- 
duced by the histamine permitted a loss of plasma. They pointed out that the 
animal was in a precarious situation because the increase in protein of the extra- 
cellular fluid I'cduced the capacity of the plasma to draw fluid back into the blood 
stream. A situation analogous to that of the dog receiving histamine is found in 
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adrenal insufficiency. As the increase in capillary permeability continues, the 
only means for the plasma to replenish itself is by return through the lymphatic 
channels. As the blood pressure falls and muscular actmty decreases, the flow 
of lymph decreases and the vicious circle between plasma and extracellular fluid 
is increased. There is little wonder that the adrenalectomized animal should be 
sensitive to histamine (12). 

The protein of the cervical tymph was found to be elevated in moderate as well 
as in severe insufficiencj’’. Dogs still able to walk briskly had as high a protein 
concentration as the severely incapacitated animals. The increased protein was 
therefore not merely an accompaniment of a moribund state. The gradual in- 
crease in protein concentration of the lymph during the period of collection in 
the insufficient animals was probably due to the superimposed, rapidly develop- 
ing shock induced by the surgical manipulations and the removal of blood. 

It is believed reasonable to conclude that the increased protein content and 
enzyme activity of the lymph points to an increased capillary pei-meability in 
adrenal insufficiency. It should be pointed out, however, that the lymph was 
collected from one region of the body only and that it cannot therefore be con- 
cluded that a generalized increase in capillary permeability exists. Lymph from 
other organs and regions will first have to be examined. 

The significance of the extracellular fluid volume determinations is open to 
question. Ferrebee et al. (13), using the thioc 5 ’-anate method in patients with 
Addison’s disease, found a decrease in extracellular fluid as well as in plasma 
volume. Thorn (14), also studying patients, obtained such variable results that 
he considered the method unreliable in adrenal insufficiency. He suggested that 
cells, in the absence of the cortical hormone, might become permeable to thiocya- 
nate. Such an alteration of cell permeability could account for our own results. 
On the other hand if the intakes of salt and fluid are maintained during the period 
when the animal is developing the signs of insufficiency, it could well be that the 
extracellular fluid volume would actually be increased above normal. If the 
decreased concentration of thiocyanate in the plasma were to be explained by 
entrance of thiocyanate into cells, it should occur in all animals in the insufficient 
state and the differences encountered would still have to be explained on the 
basis of different fluid volumes, extra- and intra-cellular. 

Too much emphasis should not be attached to the observed rates of bmph flow 
because of the variations encountered. The important thing is thk in those 
animals having a high rate of flow in the insufficient state, the protein concentra- 
tion was maintained, indicating that the high protein content was not due to mere 
stagnation of extracellular fluid but to capillary filtration. 

SUMMARY AND CONCLUSIONS 

Lymph was collected from the cervical trunk of normal and adrenalectomized 
dogs under local anesthesia. The protein content of the hmph of the normal 
animals averaged 2.8 grams/100 cc., and of the adrenalectomized 4.3 gram= 
The increase above normal was as great in the dogs in moderate as in severe in- 
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sufEciency and was not merel}' an acconapaniment of a naoribund state. The 
finding offers direct evidence of an increase in capillary permeability in one 
region of the dog in adrenal insufficiency. 

The significance of this protein increase in lymph to the osmotic equilibrium 
between blood plasma and extracellular fluid is discussed. 

The flow of lymph was in general, but not consistently, reduced in insufficiency. 
The extracellular fluid volume, measured by means of thiocyanate, was increased 
as well as decreased. 
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Since the synthesis of the adrenal cortical steroid, desoxycorticosterone ace- 
tate (DC A), by Reichstein in 1938 (1), many workers have investigated its 
physiological and pharmacological properties. DCA has been suggested in the 
treatment of the shock syndrome but at present considerable confusion exists 
concerning its value in this condition. 

Swingle and his associates (2) have shown that DCA protects adrenalectomized 
dogs from circulatory collapse and shock produced by muscle trauma, injections 
of epinephrine, and the fluid and salt loss attendant upon the intraperitoneal in- 
jections of isotonic glucose solutions, but does not prevent shock following in- 
testinal manipulation. Perla and his co-workers (3) demonstrated that DCA 
combined vith saline solution increased the resistance of mice to histamine shock. 
The beneficial effects of DCA in shock following severe burns has been shovTi ex- 
perimentally by Wilson and Stewart (4). 

On the other hand, Selye and his co-workers (5) found no benefit to accrue 
from DCA in preventing formaldehyde or intestinal trauma shock in rats and 
they point out that large doses of DCA may be dangerous because of deleterious 
effects on the adrenals. Weil et al. (6) were unable to show that DCA caused 
any significant reduction in the mortalit 3 ’' of rabbits subjected to intestinal 
manipulation. 

Clinically, Perla et al. (3) claimed beneficial effects from DCA therap 3 ^ in a 
small series of patients subject to surgeiy. Wilson and Stewart (4) found it of 
value in burns. However, Keating, Power and R 3 Tiearson (7) found no bene- 
ficial effects of DCA in women undergoing radical mastectom 3 ’’ for breast car- 
cinoma. 

Obviously results from studies done with adrenalectomized animals need not 
apply to those done with normal animals. It is also apparent that various forms 
of shock may respond in different degrees to DCA therapy. Furthermore, the 
difficulty of evaluating clinical experience with proph 3 dactic procedures to pre- 
vent shock can easily lead to the discrepancies in the literature. 

Recently we have described a method in wlrich occlusion of the venous return 
from one limb of the dog led to a massive edema of that limb and a state of shock 
followed by death within 3^ to 21 hours (8). Since this procedure appeared to 
give consistent results we felt that the action of DCA could be explored in such 
animals. Y'c therefore attempted to evaluate the proph 3 'lactic and therapeutic 
action of DCA in a series of such dogs. 

> Auled by the A. D. Nast Fund for Cardiovascular Research and the Isaac and Ivate 
Meyer Fund. 
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Method. In this study ive have used three series of dogs : a, controls , a group of 
fifteen dogs; b, primed dogs, a series of eleven dogs which received, on the aver- 
age, 25 mgm. of DCA- in dhdded doses during the 24 hours preceding the opera- 
tion, and an average of 35 mgm. of DCA during the following 24 hours; c, im- 
primed dogs. In this “unprimed” series, three dogs received an average of 40 
mgm. of DCA starting two hours after the operation and continued over a 
period of twelve hours, and six other dogs received 10 mgm. of DCA 10 minutes 
to 2| hours pre-op eratively and an average of 36 mgm. during the following 
twelve hours. 


TABLE 1 
Controls 


DOG 

WEIGHT 

1 TOICHT INCREASE OF EDEMATOUS EEC OVER 

1 CONTRALATERAL ONE 

DURATION OF UFE 
AFTER OPERATIO'I 

no. 

km- 

grants 

% of body weight 

hours 

1 

15.4 

750 

4.8 

91 

2 

13.2 

702 

5.3 

6| 

3 

12.7 

503 

4.0 

131 

4 

9.5 

570 

6.0 

5 

5 

13.6 

737 

5.4 

6 

6 

10.9 

668 

6.1 

41 

7 

10.5 

458 

4.3 i 

10 

8 

11.8 

576 

4.9 

5^ 

9* 

11.0 

250 

2.3 

Survived 

10 

12.0 

773 

6.4 

7 

11 

15.4 

363 

3.5 

3^ 

12 

9.9 

486 

4.8 

8 

13 

11.3 



Survived 

14 

11.8 

680 

5.7 

101 

15 

11.0 

690 

6.9 

12-21 t 


* Sacrificed on 3rd day after operation; edema in leg has diminished, 
t Animal died between 11:30 p.m. and 7:30 a.m. 

Total number, 15; died in shock, 13; mortality, 87%. 


The observations in these experiments were the same as those outlined in our 
previous report; hematocrit, blood pressure, heart rate, size of leg, etc. (8). 

Results. The results of the three series are shown in tables 1, 2, and 3 
respectively. Typical charts of the latter two series are seen in figures 1 and 2 
for comparison with the control series (8). 

The obsen'ations in the present control series of 15 (summarized in table 1) 
coincided with those previously reported, with the exception that two dogs sur- 
vived. In those that succumbed, the post-operative sequence w^as similar to 
those previously reported. 

In the animals primed with DCA, the post-operative symptoms were similar 
but milder than those of the control series. Although the occluded limbs be- 


-AAe are indebted to Schering & Co. for furnishing us with the desoxycorticostcrone 
acetate. ' 









ACTION OF DESOXYCOBTICOSTERONE IN SHOCK 


81 


came cold and severely edematous, the dogs appeared normal, dra^nk aatei and 
appeared to be in a good condition. Two of these amma s 
2^-ecemng a smaller quantity of DCA pre^tperatijely (0.9 and 1.6 mgm /a) 
died in shock in d^and 29 hours respectively. One dog wi h distemper (no. 11). 
died in 12 hours with pulmonaiy edema. Eight out of 11 animals suivivc . 
The blood pressure in the dogs that survived remained unchanged (fig 1) or was 
slightly reduced. Hemoconcentration, as measured by the hematociit, was 




200r 


Mgm. DCA SUBCUTANEOUSLY : 
OPERATION 10 10 10 10 10 

I I I 1 I 1 




Fig. 2 


Fig. 1. A typical e.vperiment in which desoxycorticosterone acetate was given before as 
well as after the shock producing operation — “primed animal.’’ Note that time scale is in 
days. Discussed in text. 

Fig. 2. A typical experiment in which desoxycorticosterone acetate was given only after 
the shock producing operation — “unprimed animal.” Note that time scale is in hours. 
Discussed in text. 


eTudent during the first several hours post-operativeh% to an extent almost as 
great as in the control series, but returned toward normal levels the following 
day, followed in some by a long period of hemodilution. This reduction in red 
blood cell concentration was coincident with a gradual return of the edematous 
leg to normal. 

The results in the unprimed series were identical with those of the control 
scries (table 3). Seven animals died in shock, one died of pneumonia and only 
one dog surnved. The postoperative picture, as shown in part in figure 2, was 
almost identical with the control series. 


..—i DEATH 
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TABLE 2 


Dogs primed with DCA 


i 

DOG 

j 

WEIGHT 1 

TOTAI, MGit. DCA INJECTED 

DtTRATIOK or 

WEIGHT 
INCREASE OF 


1 

Pre-operative 

Post-operative 

LIFE 

EDEltATODS 

DEO 

no. 

i* 

igm. 

15.5 

15, IM 

10, IM 

hours 

29 

%cfhodyv;eizht 

4.4 

2 

13.0 

20, IM 

30, BI 

Survived 


3 

11.0 

15, IM 

5, LM 

Survived 


4* 

9.0 

15, IM 

20, IM 


3.4 

5 

10.5 

30, IM 

130, BI 

Survived 


6 

12.2 

30, Sub Cut. 

1 50, BI 

Survived 


7 

13.6 

30, Sub Cut. 

20, BI 

Survived 


8 

12.7 

30, Sub Cut. 

40, IM 

Survived 


9 

12.2 

20, Sub Cut. 

40, BI 

Survived 


10 

12.2 

35, Sub Cut. 

15, IM 

Survived 


lit 1 

12.7 

40, Sub Cut. 

40, Sub Cut. 

12 

7.3 


* Died in shock, 
t Died with pulmonary edema. 

Total number, 11; survived, 8; mortality, 27%. 

Ih'I = intramuscularly; Sub Cut. — subcutaneously. 


TABLE 3 

Dogs receiving DCA posl-operaiively 


DOG 

WEIGHT 

TOTAL iSOU. DCA tNJECTED 

DERATION or 

D’EIOHT INCREASE OF 
EDEHATODS LEG OVER 

Pre-operative* 

Post-operative 


CONTRAIATERAL ONE 

no. 

ksm. 



hours 

grams 

% of body 
weight 

1 


10, BI 

40, IM 

a 

190' 

2.0 

2 

BsS 

10, Sub Cut. ' 

30, Sub Cut. 

Survived 



3t 

12.2 

10, Sub Cut. 

40, IM 

15 

694 

5.7 

4 

11.0 

10, Sub Cut. 

50, IM 

15 

690 

6.3 

5 

8.2 

10, Sub Cut. 

30, BI 

7 

396 

4.8 

6 

13.1 

10, Sub Cut. 

30, Sub Cut. 

11 

‘ 1175 

8.9 

7 

13.6 

None 

30, Sub Cut. 

20 

676 

1 4.9 

8 

10.4 

None 

40, Sub Cut. 

12 

665 

6.4 

9 

10.9 

None 

60, Sub Cut. 

12 

642 

5.8 


* Administered 10 min. to 2§ hrs. pre-operatively. 

t Died with pneumonia. 

Total number, 9; died in shock, 7; mortality, 78%. 

IM = intramuscularly; Sub Cut. = subcutaneously. 

Discussion. Our results indicate that when DCA is given in adequate 
quantities (1.3 to 3.0 mgm./iv) for the 24 hours preceding the shock-initiating 
operation, it is an effective agent in preventing the type of shock produced in our 
experiments. If the administration of DCA is delayed the prophylactic effect is 
reduced and may be inadequate to prevent shock. It must be borne in mind that 
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even though DCA is a valuable prophylactic agent in this form of shock, it may 
not be efficacious in other forms of shock. 

In the present experiments DCA might operate in one or more ways: 1. It 
might maintain the normal permeability of the capillaries or alter the forces con- 
trolling the exchange of fluid between blood and tissues so that the rate of escape 
of fluid from the blood might be lessened. 2. It might alter the water balance 
o, by decreasing the renal excretion of fluid; b, bj'' enhancing thirst; c, bj’’ lessening 
the tendency to vomit; or d, b 3 " affecting the salt-water balance between the 
blood and tissues. In one or another of these ways a more positive water balance 
would be favored with consequent less strain on the extracellular and vital in- 



HOORS RPTER OPERATION 

Fig. 3. A graph summarizing the changes in mid-thigh circumference observed in the 
control (solid line), the unpriraed (dash line) and the primed (dot-dash line) series follomng 
the shock-producing operation. The change in circumference in each series is the aver.age 
increase over the v.alue existing before the operation in the dogs n-hich survived at each time 
interval. The number of animals surviving at each time interval in each series is shown by 
the figures on eacli curve. Discussed in text. 

tracellular water corapartmeuts. 3. It might operate direc% on the cardio- 
vascular system, and so aid in maintaining peripheral vascular tone, or delay or 
prevent the decrease in cardiac activity which contributes to making shock 
irret'ersible. 4. It might counteract a humoral toxic agent released from the 
edematous limb. 

In the course of our studies circumferential measurements made of the edema- 
tous leg at mid-thigh and mid-calf showed that the size of the leg tended to in- 
crease in the same proportion at these two levels. In figure 3 is plotted the 
arernge values for mid-thigh, expressed as per cent increase over the circum- 
ference before operation, together with the number of animals on wliich these 
mcastn-emonfs were made at each time interval. The decrease in these figures 
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indicates the number of deaths in the preceding hour. Certain trends are ap- 
parent, even though the measurements were necessarily crude.- 

If the curve depicting the average increase in circumference of the edematous 
leg in the control series is followed, it vdll be seen that it flattens out as soon as 
the mortalities occur, indicating that the animals with the greater rate of leg 
enlargement died sooner. This confirms our previous observation (8) that the 
time of death of the animals was roughly in inverse proportion to the rate of fluid 
accumulation in the leg (as can be seen, table 1, by the value of 

per cent increase in edematous leg weight at necropsy 
body weight of dog 

divided by the time of post-operative sur\dval). In other words, with animals 
vdth the greater rate of accumulation of fluid succumbing, the curve must 
flatten out. The slight flattening out of the curve before mortalities occur could 
be explained by the increased oncotic pressure associated with hemoconcen- 
tration and the increase in tissue pressure as edema developed, both of which 
tend to lessen the escape of fluid into the leg. 

More significant is the fact that during the first five hours, the average thigh 
circumference of the primed DCA series was less than that of the unprimed DCA 
series and the latter less than the control series. "While the differences are not 
great, the trend unmistakably indicates that DCA tends to diminish the loss of 
fluid into the occluded limb. Since the results from this laboratory indicate that 
DCA is without effect on capillary permeability (9, 10), the mode of action must 
be on either the h 3 ’’drostatic or oncotic pressure in tlie blood. The fact that the 
blood pressure, and presumablj’' the venous and capillaiy pressures, drops more in 
the control and unprimed series than in the primed series in this time interval, 
would rule out the hj^’drostatic factor, which in fact would work in the opposite 
direction. So, by exclusion, it would imply an action on the oncotic pressure of 
the blood favoring retention of fluid in the blood. This action of DCA is further 
substantiated bj’- comparing the rate of increase in leg size in the primed and un- 
primed series after the fifth hour. 

Thus, this anatysis shows that one of the main differences between the three 
series appears to depend on the rate of accumulation of fluid in the occluded limb. 
The delay in death of the unprimed dogs is probably due to the delayed accumu- 
lation of fluid in the leg. In fact, the still slower accumulation of the fluid in the 
primed dogs may explain, in part, their sur\dval. The manner by which the 
oncotic pressure changes are induced is not revealed in these experiments. 

It wall be noted that death occurred in the control series after an amount of 
fluid equivalent to about 4 per cent of the total body weight had accumulated in 
the edematous leg (table 1). In the primed series the rate of fluid accumulation 
was reduced but despite the fact that the leg size increased ultimatel)'' almost as 
much as in the control series, shock and its sequelae were prevented by DCA. 
This indicates that the action of DCA in preventing shock is not solel}'' on the 
loss of fluid. This is e\ddenced further by the fact shown in figure 3 that the rate 
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of hemoconcentration could not be related to the rate of increase in leg size or to 
the development of shock. Furthermore, no correlation could be estabhshed in 
the rate of hemoconcentration in the three series. These findings suggest that 
hemoconcentration is not an infallible quantitative guide of the development or 
occurrence of shock, even when plasma loss appears to be the initiating mech- 
anism as in our experiments. For example, in dog 15, table 1, no hemoconcen- 
tration was noted in the first 12 hours of post-operative observation, and yet 
toward the end of this period the blood pressure definitely began to fall. 

The loss of fluid from the blood as shown by the hematocrit is directly cor- 
related with the rate of fluid accumulation in the leg during the first few hours. 
Furthermore, the homeostatic mechanism which tends to restore the ratio of red 
blood cells to plasma volume per cubic centimeter of blood takes several hours to 
manifest itself. Once it is set in motion this mechanism continues and “over- 
shoots” leading to a hemodilution. This lag in the action of the mechanisms 
compensating for the loss of fluid from the blood makes it possible for rapid 
fluid loss, as occurred in our experiments, to be incompletely compensated and 
thus permit the development of an irreversible state before the adjusting mech- 
anisms are in full operation. 

It is interesting in this connection that upon analysis the edematous leg of the 
unprimed DCA dogs reached a higher circumferential measurement after the 
fifth hour than did the control dogs, thus suggesting that they could survive a 
gi-eater loss of fluid because DCA was given. Our results indicate that the ir- 
reversibility of shock is not dependent solely on the loss of blood or plasma 
volume but also upon the secondary changes which this sets into operation. 

The mechanisms b}”- which DCA operates is not revealed by our experiments, 
but it is clear that it lessens the intensity of some of the deleterious processes 
which induce the vicious cycle leading to irreversibility of the shock condition. 
Its value as a prophylactic agent, when used early enough and in adequate dos- 
age, in those forms in which loss of plasma is the initiating factor seems es- 
tablished. It probably may also be of value prophylactically in other forms of 
shock, but its precise utility must await further analysis of its actual mode of 
action. 

SUMMARY 

1. Experimental massive venous occlusion of a leg leads to a fall in blood 
pressure, a rise in hematocrit and an increase in the size of the leg amounting to 
2.3 to 6.9 per cent of the body weight. This results in death in 3| to from 12 to 
21 hours. Only an occasional animal survives (2 out of 15 in our series). 

2. The administration of desoxycorticosterone acetate (DCA) over a period 
of 24 hours previous to, and during the first 24 hours after the onset of the venous 
occlusion prevents the development of the state of shock and the animals survive 

(8 out of 11 in our series) despite a loss of fluid comparable to that in the control 
series. 

3. When the DCA is not given sufficiently early before the onset of venous oc- 
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elusion, the picture of shock and the mortality are similar to those of the un- 
treated animals (death occurred in 8 out of 9). However, the average time of 
death is delayed somewhat and the loss of fluid is greater. 

4. Evidence is given to show that DCA decreases the rate of fluid loss due pre- 
sumably to some action on the oncotic pressure of the blood. 

5. The action of DCA in preventing shock and the development of an ir- 
reversible state is due to some other mechanism in addition to its action on fluid 
loss from the blood. The nature of this action was not revealed by these studies. 
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Evidence tliat sectioning of visceral efferent nerves results in hypersensitivity 
of the denervated effectors to the action of adrenalin has been derived mainly 
from experiments involving excitatory adrenergic nerves. Less evidence is avail- 
able with regard to cholinergic and inhibitory adrenergic neuro-effector systems. 
Cannon (1) has recentlj'" reviewed the literature and has formulated a “law of 
denerwation.” Studies testing the applicability of the generalization to inhibi- 
tory adrenergic nerves are few and contradictory. Elliott (2) (3) and Langley 
and Magnus (4), Avho were interested in the site of action of adrenalin rather 
than the quantitative aspects of the problem, reported normal reactions of ef- 
fectors to adrenalin after sectioning of their inhibitory adrenergic nerve supply. 
More recent workers who have designed their experinrents for the purpose of 
determining if altered sensitivity to adrenalin occurs follouing destruction of 
inhibitory adrenergic nerves have, in most cases, reported sensitization. The 
effectors utilized have been perfused guinea pig bronchioles (5), rabbit intestine 
(6) (7) (8) (9) (10) isolated or in situ in acute experiments, the non-pregnant 
feline uterus in acute experiments (9), and the unanesthetized dog intestine 
in situ (11). One investigator (12), utilizing the dog intestine in acute experi- 
ments, reported a reversal of the action of adrenalin following denervation. In 
the studies by Drake el al. (10) on rabbit intestine precautions were taken to 
deter-mine separately the effects of sympathetic and parasympathetic denerva- 
tion. In the study utilizing unanesthetized dogs (11) it was demonstrated that 
extrinsically denervated Thiry fistulae of the jejunum were hypersensitive to 
the inhibitory action of adrenalin. The present experiments have been per- 
formed to determine the effects of various operations upon autonomic pathways 
to the intestine on the sensitivity of intestinal smooth muscle to the inhibitorj'- 
action of adrenalin. 

Methods. Dogs were prepared each having two Thiiy fistulae made from 
adjacent segments of the upper jejunum. FolloMng recovery from the opera- 
tion the sensitivity of these loops to adrenalin was determined by injecting ad- 
renalin solutions intravenously from a motor-driven syringe. An adrenalin 
injection rate was determined in each case that would produce submaximal 
inhibition of intestinal motility as recorded by balloon-mercury-manometer 
systems. Effects of injections at one-half and twice this rate were also recorded. 

1 Aided by a grant from the John and Mary R. Markle Foundation. ^ 

- Research assistant on a grant from the General Research Council, Oregon State Sj^stem 
of Higher Education. 


87 



88 


W. B. YOUMANS, A. I. KARSTENS AND K. AY. AUMANN 


Precautions used in preparing and injecting the solutions were the same as those 
described in the preAuous quantitative study (11). The animals were then sub- 
jected to either vagotomy or S3'-mpathetic decentralization of the preaortic 
ganglia. Sensithdty to adrenalin Avas re-determined, and then one of the tw'o 



Fig. 1. A-F. Diagrammatic representation of the innervation of intestinal segments 
remaining after various operations. Possible variations from this schema are discussed 
in the text. Vagal pathways are indicated by broken lines; sympathetic pathways are 
represented by continuous lines, and the double waved lines indicate the location of the 
interruption of pathways with reference to the first and second neurones in the visceral 
efferent pathways. 

A. A^agotomy, — preganglionic interruption of parasympathetic innervation of both 
loops. 

B. Splanchnicotomy and lumbar ganglionectomy, — destroys sympathetic connections 
with the pre-aortic ganglia but leaves intact the nerve fibers passing to the intestine from 
cell bodies in the pre-aortic ganglia. 

C. Mesenteric denervation, — destroys preganglionic parasympathetic and post- 
ganglionic sympathetic innervation of the segment. 

D. Combination of A, B and C, — results in destruction of all connections between the 
pre-aortic ganglia and the central nervous system (C.N.S.), and one of the segments has 
its connections with the pre-aortic ganglia destroyed. 

E. Combination of A and C, — one segment has its sympathetic connections with the 
central nervous system intact, while the other has its sympathetic connections with the 
pre-aortic ganglia destroyed. 

F. Alternative diagram of D. 


loops in each animal Avas denerwated by sectioning the neiwes in the mesenter}^. 
The vagotomies Avere done bj’- sectioning the nerA^es along the loAver esophagus. 
SAmipathetic decentralization of the pre-aortic ganglia was accomplished b}^ 
sectioning the splanchnic neiwes and remoAung the lumbar SATOpathetic chains. 
The completion of sympathetic denervation of the intestine was indicated bA’" 
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elimination of intestino-intestinal reflexes and absence of a pain res]ionse to in- 
testinal distention. In some of tlie animals sensitivity to adrenalin Avas deter- 
mined after all three of the operations had been completed. The purpose when 
studying the effect of anj'’ one set of nerves was to have the two loops differ from 
each other only vath regard to that set of nerves. This ivas not possible in every 
case, and it was necessary to record the sensitivity of the same loop for a period 
of time before and after denervation. A diagrammatic representation of the 
innervation of the Thiry fistulae remaining after completion of the Amrious oper- 
ations or combinations of operations is contained in figure 1, A-F. HoAvever, 
anatomical information concerning the intestinal innervation is inadequate; 
therefore, no interpretations are based on the accuracy of the diagrams. 

Results. I. Effect of vagotomy on the sensitivity of intestinal smooth muscle to 
adrenalin. A comparison of responses to intraA^enous injection of adrenalin 
before and after vagotomy Avas made in each of fiAm dogs. In tAVo of these 
animals a mild sensitization appeared to haAm occurred. HoAveAmr, in the other 
thi’ee cases there Avas no definite evidence of alteration of sensitiAdt 5 L Results 
from the five animals indicate that Amgotomj’^ either has no effect on the sensi- 
tivity of intestinal smooth muscle to adrenalin, or it produces a mild sensitization. 

These results are essentiallj'- in agreement Avith those of Drake, jN'Iodern, 
RenshaAv and Thienes (10) aaRo concluded that no alteration occurred in the 
response of the isolated rabbit intestine to adrenalin folloAving vagotomy. Hoav- 
ever, their conclusion Avas based on comparison of responses of segments of 
intestine from vagotomized animals Avith segments from other animals AAuth the 
Amgi intact. In vieAv of the AA'ide Amriation in sensitiAutj’^ of loops of intestine 
from different raJibits, it seems that sensitization Avould need to be considerable 
in order to be detected by this method. 

II. Effect of sympathetic decentralization of the pre-aortic ga7iglia on sensitivity 
of intestinal smooth muscle to adi'enalin. SensitiAutj’' of intestinal loops to 
adrenalin Avas studied in four dogs before and after sjmipathetic decentralization 
of the pre-aortic ganglia and plexuses by means of bilateral splanchnicotom}'^ and 
removal of the lumbar S 3 mipathetic chains. In three of these animals mild 
sensitization occurred. The maximal increase in sensitivity Avas less than tAA’o- 
fold. In the other animal there aa'rs no definite evidence of sensitization. 

Modern and Thienes (8) reported that sectioning of the splanchnic nerves did 
not alter the response of excised segments of rabbit intestine to adrenalin. Hoaa'- 
ever, Drake, jModern, Renshaiv and Thienes (10) reported that splanchnicotomy 
results in a tAvo-fold increase in the sensitivity of isolated intestinal strips to 
adrenalin. The variable results reflect the difficulty of detecting sensitization 
by the isolated strip technique Avhen the sensitization is slight. 

III. Effect of complete decentralization of the pre-aortic ganglia on sensitivity of 
intestinal smooth nmscle to adrenalin. Combination of vagotomy, splanchnico- 
tomy, and lumliar ganglionectomy eliminates all nervous connections betAveim 
the central neiwous .system and the pre-aortic ganglia. The intestinal loops of 
three dogs having had this combination of operations Avere onl}^ mildly sensitiz(!d 
to adrenalin. The maximal sensitization aa'rs not greater than tAvofold. 

IV. Sensitization of the intestine to adrenalin by sectioning nervous connections 
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between the pre-aortic ganglia and the intestine. The previous experiments (11) 
demonstrated that mesenteric denervation of a loop of intestine produces a three- 
to seven-fold increase in sensitivity to adrenalin. According to the usual in- 
terpretation of intestinal innervation mesenteric denervation would result in 
preganglionic vagal denervation and postganglionic sj'rnpathetic denervation. In 
the present study the effect of the mesenteric denervation has been determined 
in vagotomized animals some of which also had the pre-aortic ganglia S3"mpatheti- 
call}’’ decentralized. 
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Fig. 2. Effect of .adrenalin, 1-250,000, injected at rates of 1 and 2 cc. per minute, respec- 
tively, on the motility of a mesenterically denervated intestinal segment (upper record) 
compared with a simultaneous record (below) from a segment having its connections with 
the pre-aortic ganglia intact. The pre-aortic ganglia have been decentralized by vago- 
tomy, splanchnicotomy, and lumbar ganglionectomy. A diagrammatic representation of 
the nervous pathways remaining after the denervations is shown in figure 1, D. 


a. Pre-aortic ganglia completely decentralized. Three animals were prepared 
as illustrated diagrammaticallj'^ in figure 1, D. Simultaneous records were 
taken from the two loops in each of these animals during the injection of adren- 
alin. The two loops in a given animal differ from each other in that one retains 
its inner\mtion from cell bodies in the decentralized pre-aortic ganglia while the 
other does not. In each of the three dogs the loop having no neiamus connections 
with tlie decentralized ganglia was three to si.x times more sensitia^e to adrenalin 
than the loop having its connections with the ganglia intact. A tj'pical record 
is shown in figure 2. 
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b. Pre-aortic ganglia stjmpatheiically or vagally decentralized. Two animals had 
the pre-aortic ganglia sj'^mpathetically decentralized and, in addition, one of 
the loops in each animal was mesenterically denervated, but the vagi were intact. 
The results in these animals were indistinguishable from those described in the 
preceding paragraph. The mesentcricall 3 ’' denervated loops were three to seven 
times more sensitive to adrenalin than the other loops. 

Some of the animals ivere imgotomized and, in addition, had one of the loops 
mesenterically denervated. The pathwaj-'S remaining intact after these opera- 



i 

Fig. 3. Effect of adrenalin, 1-1,000,000, injected at rates of 1, 2 and 4 cc. per minute, 
respectively, on the motility of a mesenterically denervated intestinal segment (upper 
record) compared with a simultaneous recoi-d (below) from a segment having only its vagal 
innervation destroyed. The innervation remaining to each of the loops is represented 
diagrammatically in figure 1, E, 

tions are shown diagrammatically in figure 1, E. In these animals the dener- 
vated loop was in each case three to six times more sensitive to adrenalin than 
the sympathetically innervated loop. Subsequent sjanpathetic decentralization 
of the pre-aortic ganglia, resulting in the preparation described in a., only mildly 
reduced the difference in the sensitivity of the two loops. A record obtained 
from a ^^agotomized animal having one loop mesenterically denervated is shown 
in figure 3. 

V. Rate of development and duration of hypersensitivity after mesenteric dener- 
vation. In some animals the denervated loop shows sufficiently regular motilit}^ 
within two daj^s after the mesenteric denervation so that sensitivity to adrenalin 
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may be tested. Tests repeated eveiy two days for the period of ten da3^s after 
the operation indicated that almost maximal hypersensitivit}" to adrenalin was 
attained bj'' the time of the first test (two da3^s after the operation). The 
hypersensitivity persists well be3’’ond the time when regeneration of nerves 
is to be expected. The denervated loop of one of the dogs used in the 
former stud3'’ (11) was more sensitive than the innervated loop three 3'-ears after 
the time when the nerves were sectioned in the mesenteiy. 

Discussion. If the disposition of cell bodies represented diagrammaticalb’' 
in figure 1 is correct the increased sensitivity of one of the intestinal segments 
following mesenteric denervation in an animal with pre-aortic ganglia decentral- 
ized is attributable entirety to sectioning of jiostganglionic S3mipathetic fibers. 
However, if an3'- vagal fibers .S3mapse in the coeliac ganglion the interpretation 
of the results would be more complex. It is also possible that some of the S3"m- 
pathetic fibers emerging from the coeliac ganglia make .S3maptic connections with 
nerve cells in the enteric plexuses rather than innervating the smooth muscle 
cells dir ectty. Another obstacle to a specific interpretation of the sensitization 
in terms of pre- and post-ganglionic S3''mpathetic and para-S3’'mpathetic dener- 
vation is the claim that intestino-intestinal reflexes are completed through the 
decentralized coeliac ganglia (13). However, evidence for the existence 
of such reflexes is not complete (14) (15). The experiments clearb’’ 
demonstrate that destruction of all connections between the pre-aortic ganglia 
and the central nervous S3^stem results in onb'’ a mild degree of sensitization of the 
intestine to the inhibitoiy action of adrenalin. On the other hand, destruction 
of the connections between the pre-aortic ganglia and the intestine, whether these 
ganglia have been previousty decentralized or not, causes a three- to seven-fold 
increase in the sensitivit3" of the intestine to adrenalin. 

'\^arious operations upon abdominal S3'^mpathetic nervous pathwa3’'s have been 
performed in man for the purpose of relieving h3"pertension (16). The results 
from the dog intestine suggest that operations involving decentralization of the 
coeliac ganglia in man would produce less sensitization of the intestine to the 
inhibitoiy action of adrenalin than would be produced b3'^ removal of the coeliac 
ganglia. However, either operation would involve the destruction of most or 
all of the innervation of the adrenal medullae. 

SUMMARY AND CONCLUSIONS 

The effeet of vagotom3’- and of S3''mpathectom3'’ at different levels on the 
sensitivity of intestinal smooth muscle to the inhibitoiy action of adrenalin has 
been determined b3'^ the use of Thiiy fistulae of the jejunum in unanesthetized 
dogs. Wherever possible simultaneous records b3'^ the balloon-mercuiy-manom- 
eter method have been taken from two loops in one animal, these loops 
differing from each other with regard to onb'^ one set of nerves. In other cases 
the sensitivity of the loops in a given animal has lieen evaluated for a period of 
time before and after the denervation. 

A'^agotom3' either has no effect on the sensitiidt}’" of jejunal smooth muscle to 
adrenalin or it produces a slight increase in sensitivity. 
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Sympathetic decentralization of the pre-aortic ganglia either has no effect or 
results in a less than tivo-f old. increase in sensitivit}^ to adrenalin. 

Destruction of the nerve fibers in the mesenteric pedicle supplying an intes- 
tinal segment renders that segment several times more sensitive to adrenalin than 
another segment having its nervous connections vith the decentralized pre-aortic 
ganglia intact. 

The only denervations which produced marked hypersensitivity of the in- 
testinal smooth muscle to adrenalin were those that involved sectioning of axones 
passing to the intestine from cell bodies located in the pre-aortic ganglia. 
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We have reported previously (1) the production of experimental polycjdhemia 
in dogs, rabbits, and man bj”" the daily administration of ephedrine sulfate. 
The results were attributed to increased erythropoiesis induced by hypoxia of 
bone marrow through diminution of its blood suppl}'^, as a result of the vasocon- 
strictor action of ephedrine. In this work we also found that amphetamine 
sulfate induced polycythemia in one splenectomized and three normal dogs, 
but our results on rabbits were inconclusive. 

The present investigation was made to determine whether amphetamine is 
capable of producing pol^mythemia in human subjects. 

Pkocedure. The subjects used for these experiments comprised four medical 
students and two teachers ranging from 20 to 35 j^ears of age. All were healthy 
male individuals. 

Several control observations were made on the blood of each individual over 
a period of at least 2 weeks before the drug was administered. Red cell counts, 
hemoglobin determinations (Hellige) and total leukocyte counts were made 
quite regularly, and reticulocyte percentages Avere estimated occasionall 3 ^ 

After the control period each subject took benzedrine sulfate" by mouth in a 
daily dose of 10 mgm. During the first few days blood pressure readings Avere 
made on each subject before, and at intervals after the ingestion of the drug. 
Observations on the blood were usually made at a definite time of daj'’ at least 
20 hours after the previous daily dose of amphetamine. 

Results. Figure 1 shoAA's the effect of the dailj'’ oral administration of 
amphetamine sulfate upon the red blood cell counts of 5 normal human subjects. 
It A\fill be seen that the er 3 ’'throcyte numbers of all 5 subjects were increased 
significantly (12 to 15 per cent) AAuthin 1 to 2 weeks after the commencement of 
drug administration. Hemoglobin percentages (not shown) were increased pro- 
portionatelj’’. Total leukocyte counts remained fairlj’’ constant, showing no 
A’^ariation in the same direction as red cell changes. The veiy feAV estimations 
of reticulocyte percentages showed no significant changes, although there Avas a 
suggestion of increased percentages of reticuloc 5 ’'tes after the red cell counts had 
been increased. Upon cessation of amphetamine ingestion, the red cell counts 
returned slowly to normal, over a period of 6 to 14 da 3 ’S. 

^ Research paper no. 528, journal series, Universitj' of Arkansas. 

- The benzedrine sulfate was courteously supplied by Smith, Kline & French Labora- 
tories, of Philadelpliia, Pa. 
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One suliject out of tlie six receiving benzedrine did not sbow any change in 
his erythrocyte number, which remained quite constant around a value of about 
6 million. The data on this subject are not shown in the figure. 

Blood pressure was increased uniformly at 1 to 4 hours after benzedrine in 
4 of the 6 subjects, during the first few days of drug ingestion. Diastolic pres- 
sure, particularly, was observed to be increased bj' about 6 mm. on the average 
(not shown). The single subject who did not develop polycythemia also showed 
no uniform blood pressure response to amphetamine. 



Fig. 1. Red cell counts in five normal human subjects following amphetamine 

administration 

Discussion. Ehrich and Krumbhaar (2) observed an erythrocytosis accom- 
panied by leukocytosis in rats which were given daily doses of 2 to 80 mgm. 
benzedrine sulfate. Ehrich, Levy and Krumbhaar (3) found that doses of 2 
to 10 mgm. per kgm. daity eventually caused macrocytic anemia in dogs and 
other species, but that daily doses of 1 mgm. per kgm., or less were harmless to 
dogs even when given over a prolonged period of time. Schube, Raskin and 
Campbell (4) gave daily doses of 10 mgm. of amphetamine sulfate, orally, to 
6 physically normal human patients for 30 days. They followed the blood 
picture in these patients at weeklj^ intervals, but detected no significant changes. 

Our strongest reason for believing that the elevated erythrocjTe numbers 
observed in our experiments are due to increased eiythropoiesis is to be found in 
the slow development of polycythemia (fig. 1) and the slow recover 3 ’- from the 
same after discontinuation of the benzedrine. The time relationships correspond 
generally with those involved in the production of polycythemia by exposure to 
low atmospheric pressure (5). 

Tliis delay in production and recovery from polycythemia also argues against 
the possibility that our results might be due to blood concentration or to con- 
traction of blood reservoirs. The relative constancy of the total leukocyte 
counts observed in these experiments constitutes additional evidence against 
the possibility of concentration of the blood. Our previous finding that splenec- 
tomized dogs develop polycythemia from the continued administration of 
benzedrine or ephedrine just as readily as normal animals (1) also suggests that 
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blood reservoirs probably are not concerned in the development of this 
polycythemia. 

The most likely explanation of the mechanism by which benzedrine causes 
polycythemia seems to rest on the assumption that the drug increases hemo- 
poiesis by virtue of its vasoconstrictor action, i.e., causing a diminution of blood 
supplj’" to the bone marrow and local hypoxia of that tissue. This explanation 
also seems valid for, and may be viewed as supported by, our recent finding 
that other vasopressor drugs (epinephrine and posterior pituitary) in appropriate 
doses are capable of producing polycythemia (6). 

We cannot definitely explain why one subject, in the group of six, failed to 
develop polycythemia. We could not observe any uniform blood pressure change 
following his early daily doses of benzedrine, and on the basis of our theorj’’, this 
fact may account for his failure to develop polycythemia, although it is not in- 
conceivable that a selective vasoconstriction might occur without involving any 
change of general blood pressure. 

It ivill be noted (fig. 1) that the average increases in red cell counts following 
benzedrine amounted to about 0.75 of a million. We wish to emphasize that 
the observations on the blood were usually made at definite hours of the day, 
and at least 20 hours after the daily dose of amphetamine. In a few experi- 
ments we noted no immediate change in the red cell count 2 to 4 hours after the 
oral ingestion of 10 mgm. of the drug. 

We do not know whether a larger dose of benzedrine or a different route of 
administration would cause a greater pol 3 ’’C 3 'themia, or whether the observed 
polycythemia would persist Avith more prolonged administration of the drug. 

CONCLUSIONS 

The daily oral administration of amphetamine sulfate (10 mgm.) caused a, sig- 
nificant increase in the erj^throcyte numbers of 5 out of 6 normal human subjects 
within 6 to 12 ffaj'^s. 

The results are explained by assuming that amphetamine increases hemo- 
poiesis by causing a local hypoxia of bone marrow through a diminution of the 
blood supply to this tissue. 

Acknowledgment. The authors wish to express their appreciation to Messi's. 
L. Campbell, A. Robbins, G. Ross, D. Wylds, and H. Sims, ivho served as sub- 
jects in this investigation. 
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In a previous report from this laboratory (1) it was shown that as the intra- 
biliary pressure was experimentally increased above the normal secretory pres- 
sure of the liver, the bilirubin level rose in both lymph and blood, but that the 
blood level was significantly and consistently lower. The present report repre- 
sents a study of bilirubin resorption in obstructive jaundice after blockage of 
the lymphatic channels by ligation of the thoracic Ijrmph duct, thus limiting 
absorption to the blood stream. 

Twenty-three healthy dogs ranging in weight from 12 to 15 kilos were operated 
upon imder sterile conditions (group I). Through a transverse incision over the 
fifth rib, the thoracic lymph duct was ligated in the chest close to the diaphragm 
after the manner recommended by Lee (2). Through an abdominal incision, the 
common bile duct was isolated and severed between sutures. The gall bladder 
was removed in each case and, whenever present, accessory bile ducts leading to 
the duodenum were ligated. Pre-operative and post-operative samples of blood 
were taken at arbitrary intervals for bilirubin determination by the quantitative 
van den Bergh method. On the third post-operative day, the dogs were anes- 
thetized by the intravenous injection of pentobarbital sodium, the abdomen was 
opened and the intraductal pressure measured with a water manometer. The 
cisterna chyli and thoracic lymph duct were isolated and all collateral lymphatics 
which might have re-established the continuity of the lymph circulation were 
sought for by careful dissection -with or without the aid of methylene blue injected 
as a tracer. A final sample of blood as well as of urine was taken for quanti- 
tative bilirubin determinations. Before the animal was sacrificed a lobe of liver 
was removed in its distended state and sections were made for nucroscopic study. 

This experiment was controlled in two ways. In one group of seven dogs, ob- 
structive jaundice was produced by ligation of the common bile duct combined 
with cholecj’-stectomy but without lymph obstruction (group II). In the second 
control group of three dogs, the thoracic lymph duct only was obstructed (group 
III). The three types of experiments are illustrated gi-aphically in figure 1. 
In each series, bilirubin determinations on the blood, lymph and urine were done. 

Results. Group I. Simultaneous obstruction of the mnip lymph duct and 
the common bile duct was followed by edema in the retroperitoneal space along 
the para-aortic and para-caval planes. The edema fluid was yellowish green, 

I Aided by a grant from The New York Foundation. 

= The authors gratefully acknowledge the valuable help and encouragement of Professors 
Wright and Mulholland. 
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the intensity of the coloring apparently dependent on the concentration of the 
absorbed bile pigments. The cisterna chjdi was markedly distended in all the 
animals examined and was found ruptured in three. In four dogs bile-stained 
fluid was present in the peritoneal cavity. All the intra-abdominal lymph 
glands were enlarged, edematous, and bile-stained. The visceral organs, as 
well as the intestinal tract, aside from being bile-stained, showed no gross edema 
or other changes ascribable to Ij’-mphatic block. 

Total lymphatic block was achieved in five dogs of group I (table 1). In four 
of these animals, the common bile duct was found collapsed instead of distended 
and the intraductal pressure varied from 86 to 128 mm. water. Although the 



Fig. 1. Diagrammatic drawings of hepatic lobule showing direction of flow in each group 
of experiments. Portal vein (P.F.) and hepatic artery {H .A.) supply blood to the sinusoid 
which surrounds the liver lobule. The blood passes out through the hepatic vein {H.V.). 
Bile flows from hepatic lobule through bile duct {B.D.). The lymphatic duct (L.D.) 
originates alongside the bile duct. (A) group I, common bile duct and thoracic bmph duct 
obstructed; (B) group II, common bile duct obstructed; (C) group III, thoracic lymph 
duct obstructed. 

common bile duct failed to dilate in these dogs, no accessory biliary channels 
leading to the intestine could be traced. In the fifth dog, however, the bile 
duct was markedlj’- dilated, and measurement revealed a biliary pressure of 332 
mm. of water. Bilirubin appeared in significant amounts in the blood of all 
five animals mthin two hours after operation and 65 hours later reached an 
average concentration of 7.04 mgm. per cent. Samples of Ij'^mph and urine 
obtained at the same time as the final blood sample showed average values for 
bilirubin of 6.99 mgm. per cent and 7.2 mgm. per cent respective^. 

In the other eighteen dogs of group I (table 2), collateral lymph circulation 
developed from a point proximal to the severed thoracic duct, re-establishing 
continuity vith either the distal section of the thoracic duct or the right b'^mph 
duct. Direct communication vith a thoracic vein by one or more tymphatics 
was found in six animals. In four, the collaterals arose in the abdomen from 
the cysterna chyli, ascended high along the posterior chest wall, and emptied 
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into the distal end of the thoracic duct. In most cases, the collateral lymphatics 
were insufficient to maintain normal circulation of lymph as was shown by the 
distention of the thoracic duct and the occurrence of retroperitoneal Ijunph- 

TABLE 1 

Biliary obstruction with obstruction of the thoracic lymph duct 

I BUJRUBIN CONCEHTEATION rOlBOWIKG OBSTRUCXIOK IM UIUGRAilS PER 100 CC. j 


DOG 

NO. 

Blood 

Lymph 

Urine 

PRESStTRE OF 
BILE MM. 

H :0 

65 HRS. 

2 hrs. 

4 hrs. 

8 hrs. 

IS hrs. 

25 hrs. 

3S hrs. 

45 hrs. 

65 hrs. 

65 hrs. 

65 hrs. 

1 

0.53 


1.87 

2.15 

4.61 


6.86 

7.00 

8.24 


122 

2 

0.43 


2.38 

2.86 

3.16 


5.18 

7.54 

8.00 


104 

3 



1.27 

3.15 

4.10 

5.68 

6.24 

6.76 

6.32 

3.9 

332 

4 

0.31 

0.84 

1.41 

3.20 

3.63 

4.12 

5.83 

7.23 

5.40 

8.3 

128 

5 

0.52 

1.02 

1.34 

2.06 

2.34 

3.82 

5.29 

6.70 

7.02 

9.6 

86 

Average 

7.04 

6.90 

7.2 

154 


TABLE 2 

Biliary obstruction toith partial obstruction of the thoracic lymph duct 

BIUEOBIN CONCENTRATION TOIiOWING OBSTROCTION IN UILMGRAMS PEE 100 CC. 


DOG 

NO, 











PRESSURE OP 




Blood 




Lymph 

Urine 

BILE MM» 











HsO 

65 HRS. 


2 hrs. 

4 hrs. 

8 hrs. 

15 hrs. 

25 hrs. 

35 hrs. 

45 hrs. 

65 hrs. 

65 hrs. 

65 hrs. 

6 

0.10 

0.14 

0.23 

0.81 

0.90 

0.95 

0.95 

1.84 

3.12 

6.2 

312 

7 

0.21 

i 

1.20 


2.08 

2.34 

2.48 

2.48 

2.44 

4.0 

298 

8 

0.18 

1 

0.33 

0.47 

1.76 

2.24 

1 

1 

1.76 

2.06 

6.0 i 

360 

9 

0.00 

0.09 


1.28 

2.53 

3.86 

4.78 

4.86 ’ 

4.80 

9.5 

412 

10 

0.37 


0.59 

0.68 

1.28 

1.24 i 

1.36 

2.88 

2.76 

6.4 

374 

11 

0.00 

0.82 

1.51 


2.46 

3.85 1 

4.88 

^^ 5.45 i 

5.95 

8.9 

•284 

12 

0.26 

0.50 

0.69 

1.12 

2.23 

3.43 

4.18 

5.80 

4.68 

! 

186 

13 

0.57 


1.14 

1.43 

1.72 i 

2,16 

3.29 

4.53 

3.69 

2.0 

304 

14 

0.20 


1.32 

1.32 ‘ 

2.85 ‘ 

3.14 

4.15 ‘ 

5.00 

6.64 

9.3 

214 

15 

0.00 

0.45 


0.66 

1.06 

1.51 


3.10 

3.32 

6.6 

194 

16 

0.92 


1.26 

2.24 


2.47 


4.64 

4.83 

4.1 

208 

17 

0.41 


0.97 

1.34 

1.87 

2.23 

3.06 

4.20 

5.08 

11.0 

184 

18 

0.33 

0.44 


0.73 

1.00 

0.95 


3.30 

3.26 

6.3 

218 

19 

0.00 i 

0.80 i 


1.65 1 

2.78 

3.85 


5.05 

5.56 

4.1 

20 

0.21 


0.28 

0.68 

1.43 


2.84 

3.92 

3.76 

6.2 


21 

0.86 

0.98 

1.44 

1.84 

2.43 

3.88 

4.23 

4.47 

5.12 



22 

0.00 

1 0.00 

1.81 

3.30 

3.83 

4.61 

4.80 

5.21 

3.82 

5.6 


23 

0.15 

1 0.81 

1.12 

1.61 

1.84 

1 3-14 

3.61 

4.81 

2.61 

5.8 

406 

Averace 

4.06 

1 4.08 

6.3 

282 


edema. The common bile duct was dilated in all dogs of this seiies, with an 
average figure of 282 mm. of water for the secretory pressure in the ducts. 
Two hours after operation, bilirubin was present in the blood of thirteen of the 
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•eighteen animals. At the end of the experiment, the average concentration of 
bilirubin in the blood was 4.06 mgm. per cent, in the lymph 4.08 mgm. per cent, 
and 6.3 mgm. per cent in the urine. In seven animals, the bilirubin in the 
l 5 '’mph exceeded that of the blood, in five it was significantly less, and in six 
others the blood and lymph were approximately equal. 

Microscopic studies of liver sections from group I showed varying amounts 
of central necrosis, hepatic parenchymal derangement, and hepatic cell necrosis. 
Although many of the bile canaliculi were markedlj’- distended, rarely was one 

TABLE 3 


Control dogs of group II with biliary obstruction only 



BILIRUBIN CONCENTRATION FOLLOWING OBSTRUCTION IN MILLIGRAMS PER 100 CC. 

SECRETOSY 

DOG 

NO. 

Blood 

Lymph 

Urine 

PRESSURE OF 
BILE MM. 

HsO 

65 HRS. 


2 hrs. 

4 hrs. 

8 hrs. 

IS hrs. 



45 hrs. 

65 hrs. 

65 hrs. 

65 hrs. 

24 

0.00 

0.21 



0.68 

0.86 

1.14 

2.15 

2.68 

4.1 

340 

25 

0.00 

0.00 

0.21 

0.51 

0.64 

1.00 

1.64 

1.83 




26 

0.08 

0.27 

wm 

1.46 

2.54 

3.26 

3.45 

4.08 

2.49 

6.5 

360 

27 

0.00 

0.39 

Ira 


1.38 

1.49 

1.64 

1.87 




28 

0.00 

0.00 

WM 

1.68 

2.86 

3.08 

2.87 

3.00 




29 

0.00 

0.14 

0.19 

0.59 

0.85 

1.27 

1.46 

2.06 



282 

30 

0.00 

0.16 

0.24 

0.38 

0.92 

1.46 

1.67 

1.93 

3.04 

5.8 

194 

Averaee 

2.41 

2.73 

5.4 

294 











TABLE 4 


Control dogs of group III with thoracic lymph duct obstruction only 



BILIRUBIN CONCENTRATION FOLLOWING OBSTRUCTION IN MILLIGRAMS PER 100 CC. 

SECRETORY 
PRESSURE OF 

bile mm. 
HiO 

65 HRS. 

DOG 
NO. • 

Blood 

Lymph 

Urine 


2 hrs. 

4 hrs. 

8 hrs. 

15 hrs. 

25 hrs. 

35 hrS. 

45 hrs. 

6 5 hrs. 

65 hrs. 

65 hrs. 

31 






0.00 

0.00 


0.00 

0.00 

114 

32 






0.00 

0.00 


0.00 

0.00 

108 

33 






0.00 

0.00 


0.00 

0.00 

92 

Averacre 

0.00 

0.00 

0.00 

104 












found ruptured. Lymph spaces and lymphatic capillaries could not be identified 
vdthin the liver lobule or in relation to the hepatic sinusoids or liver cords, but 
lymphatic vessels in the periportal connective tissue were often distended. 

Group II. A small amount of bile-stained fluid was found in the peritoneal 
ca\’it 3 ’- of each dog subjected only to obstructive jaundice. The liver was dis- 
tended and deeplj’’ coloured as were the other abdominal \dscera. Although the 
lymphatics were normal in appearance, they were easilj’' distinguished and 
traced because of the bile pigment in the Ijmph. The intrabiliary pressure 
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ranged from 194 to 360 mm. (average 294) water (table 3). Bilirubin appeared 
in the blood about four hours after operation and reached an average concen- 
tration of 2.41 mgm. per cent in the last sample. In three cases, lymph was as- 
pirated from liver lymphatics in the gastrohepatic omentum and was found to 
contain an average of 2.73 mgm. per cent of bilirabin. Bile was present in 
all urine specimens examined. Liver sections showed varying amounts of cell 
necrosis and derangement of the hepatic parenchyma. 

Grou'p III. The animals with thoracic lymph duct obstruction alone also 
developed retroperitoneal edema but this was not as marked as in group I. In 
all three dogs the thoracic duct and its tributaries were distended and contained 
a clear lymph. Careful search at autopsy showed that complete lymphatic 
block had been attained in these animals. Bilirubin was not present in either 
the serum, lymph or urine. The common duct pressure was 114, 108 and 92 
mm. of water, with an average of 104 mm. (tabled). Microscopic studies of 
the liver sections yielded no significant evidence of intralobular lymphatics. 

Experimental data. The follovdng observations also deserve mention. In 
the animals with total lymphatic block, a low ductal pressure was found. In 
the controls with only thoracic lymph duct obstruction, a low intraductal pres- 
suxe was also obtained. In those animals in which a collateral lymph circulation 
developed after ligation of the lymph duct, the intraductal pressure was ap- 
proximately the same as in the dogs subjected to biliary obstruction alone. 

A comparison of the average concentration of blood bilirubin at the end of the 
experiments in each group revealed the following figures: (1) biliary obstruction 
only, 2.41 mgm. per cent, (2) biliary obstruction ivith partial lymphatic obstruc- 
tion, 4.07 mgm. per cent, and (3) biliary obstruction with complete lymphatic 
block, 7.06 mgm. per cent of bilirubin. 

In four of the five animals in which complete lymphatic block was achieved, a 
noteworthy point was the lack of distention of the bile ducts due to the dimin- 
ished intrabiliary pressure. This diminished intrabiliary pressure was not 
associated with obstruction of the bile duct since simple obstruction did not 
diminish the secretory pressure of the liver in the dogs of group II but -was as- 
sociated with complete lymphatic block, a procedure which in itself (group III) 
served to reduce the secretory pressure. The mechanism responsible for the 
reduction of the secretory pressure of the liver by complete lymphatic block 
may have been due to either hepatic cell injury or to an increased rate of escape 
of secreted bile into the intralobular hepatic veins. A third possibility was that 
the lymphatic block resulted in swelling of the hepatic cells, which produced 
pressure block of the bile capillaries and so decreased the secretory pressure 
of the bile (3). 

Discussion. The amount of bilirubin resorbed by the blood in experimental 
jaundice has been investigated by many workers. Bollmann, Sheard and Mann 
(4) noted the marked rapidity of the onset of jaundice and bilirubinemia after 
ligation of the common bile duct and removal of the gall bladder. Snell (5) 
and his associates made a detailed analysis of the changes in the blood and 
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urine of jaundiced dogs. In their series, the greatest rise in blood bilirubin 
occurred from the third to the fifth post-operative daj^ and fell as the obstruction 
became chronic. 

Bloom (6) studied the relationship of the lymphatics to obstructive, jaundice 
and noted the appearance of bilirubin within 48 minutes in the lymph and 
within two hours in the blood. In this investigation, complete obstructive 
jaundice with cholec 3 ’’stectom 3 '- and Ij’-mphatic stoppage appeared to produce 
a more rapid onset and higher degree of bilirubinemia than that obtained by 
ligation of the common bile duct and cholec 3 '■stectom 3 ^ 

The reason for the increased concentration of bilirubin in the blood when the 
tymphatic flow from the liver is blocked, is not clear. Several possibilities ma\' 
be considered which involve such factors as renal damage, diminished excretion 
of urine, or dehydration with hemoconcentration. None of these factors were 
investigated. 

In obstructive jaundice the bile maj'’ be resorbed either b}'' the intralobular 
radicals of the hepatic veins or by the liver l 3 TOph. The importance of the 
absorptive role of the lymphatics of the liver has been the subject of contro- 
vers 3 ^ ^^Tiipple and ICing (7), Bollmann et al. (8), Mendel and Underhill 
(9), all have claimed that the “lymphatic apparatus takes no essential or active 
part in the absorption of bile pigments.” This view is not shared b 3 ’' the authors. 
Neither is it our view that the l 3 '’mphatics are the primaiy resprptive pathways 
or the onl 3 ’- absorptive channels as proposed b 3 ’- Bloom (6), Fleischl (10), 
Kufferath (11), Eppinger (12) and Harle 3 ’’ (13). 

It is our belief that both the blood and the h^ph systems take part in the 
absorption of bile during jaundice. Previousl 3 '’, we demonstrated that ab- 
sorption depended on intrabiliaiy pressure, as a result of wliich, bilirubin ap- 
peared first in the ^TOph and later in the blood (1). However, the concentration 
of bilirubin in the blood tended to attain and maintain a constant level probably 
because of the regulatoiy effect of the kidne 3 ''s, while in the l 3 '-mph its concen- 
tration depended directly on biliary pressure. Although we have been unable 
to secure total lymphatic block in the majorit 3 '^ of animals, as was also the ex- 
perience of Blalock (14), the results in five animals mth complete tymphatic 
block showed that the entire absorptive function can be taken over by the blood 
when and if the B^mphatic pathwa 5 '' is completely blocked. 

SUMMARY 

Biliar 3 ’' obstruction with complete block of the thoracic tymph duct produced 
a high concentration of bilirubin in the blood at the end of 65 hours. Tins 
concentration was much greater and more rapid in onset than that obtained b 3 '’ 
partial B^mphatic block, and greater still than that obtained b 3 '' simple biliar 3 ^ 
obstruction. 

Complete stoppage of lymph flow through the thoracic duct markedb^ reduced 
the secretoiy pressure of bile in the extra hepatic bile ducts. When biliar}’’ 
obstruction was produced in the presence of complete b^mphatic block, the bile 
ducts did not dilate in four out of five experiments. 
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There has been disagreement as to whether or not adrenalectom}'- has a specific 
effect upon the absorption of glucose from the intestinal tract. The controversj^ 
had its origin in the contention of Verzar (1, 2) that there is a failure in the selec- 
tive absorption of metabolizable sugars following adrenalectomj'- (3). The 
work serving as a basis for this conclusion (3) as well as the experiments of 
Marrazzi (4) utilized intestinal loops. The objections inherent in this method 
are of such a nature that their applicability to this particular problem must be 
seriousljf questioned. The present study is not concerned with absorption from 
intestinal loops and data obtained in this manner have not been considered. 
Rather we were interested in observing the influence of adrenalectomy upon the 
absorption rate for glucose in intact, unanesthetized animals. Cori’s technique 
(5) was used for this purpose. It must be realized that although this method 
avoids the objections to the use of isolated intestinal loops it introduces new 
difficulties such as the influence of the stomach emptying time on the absorption 
from the gut (6). The influx into the stomach of a large volume of concentrated 
glucose solution during a few seconds undoubtedly affects intestinal motility 
and in other ways influences absorption. At any rate, the results obtained vdth 
such a method are far different from those observed under conditions of volun- 
tary feeding (7) and must be considered in the light of the special conditions 
which the}’’ represent. 

Cori’s procedure (5) was followed with modifications which have been de- 
scribed (8). The analytical methods were the same as those which have been 
used before (7) except that sodium fluoiide was used to inhibit glucotysis and 
chloride (9) and sodium (10) were determined in some cases by standard methods. 
Zinc sulfate was used in place of sodium fluoride in these cases. 

The adrenalectomies were performed under ether anesthesia, the glands being 
removed from a single skin incision on the back through a small lumbar incision 
of the muscles on either side. This operation has been performed man}’’ thou- 
sands of times, requires a total period of less than two minutes, and the rats 
recover from the anesthetic showing no ill effects of the operation, vithin five 
to ten minutes later. Control animals were opei'ated upon in the same manner 
but the adrenals were left intact. 

Yffien glucose absorption was measured veiy shortl}'^ (24 hrs.) after adrenal- 
ectomy, before it might be affected by failure of the appetite or other changes 
secondary to the adrenalectomy but when the effects of the operation might well 
still be present, the data (table 1, expt. 1) show quite clearl}^ that there is a 
decrease in the rate of glucose absorption from the gastrointestinal tract. This 
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may be due to an impairment of the mechanism concerned in the absorption of 
glucose by the intestinal mucosa as Laszt and Verzar (11) believe or secondary 

TABLE 1 

The influence of adrenalectomy on the rale of absorption of glucose from the intestine 


EX- 

PERI- 

MENT 

NO. 

ABSORP- 

TION 

PERIOD 

NO. 

ANI- 

MALS 

PER 

GROtJP 

CONTROLS 

ADKENAtECIOMIZED 

DECREASE 
IN AB- 
SORPTION 
RATE 

NaCl 

SUPPLE - 
MENT 

Body weiglit 

Body 

surface 

‘Absorp- 

tion 

coeffi- 

cient 

Body weight 

Body 

surface 

•Absorp- 

tion 

coeffi- 

cient 

At 

opera- 

tion 

When 

tested 

At 

opera- 

tion 

When 

tested 


hrs. 


gm. 

gm. 

sq. dm. 

rngtn* 

gm. 

gm. 

sq. dm. 

mgm. 

per cent 


1 

1 

4 



3.1 

116 

142 


3.1 

86 

26 

0 


t 2 


■51 


3.1 

[ 96 

141 


3.1 


j 24 

0 


3 

4 

140 


3.1 

87 

132 

1 

2.9 

1 67 

1 23 

0 


4 

4 

141 


3.1 

80 

139 


3.0 

64 

20 

0 


6 

4 1 

141 


3.1 

77 

141 

1 

3.1 

51 

34 

0 

2 

2 

■ 

172 

177 

3.6 

105 

206 

161 

3.4 

81 

23 

0 

3 

2 


198 

194 

3.8 

96 

204 

190 

3.8 

95 

0 

+ 

4 

2 


162 

152 

3.2 

91 

160 

144 

3.0 

76 

16 

0 

5 

2 


157 

150 

3.1 

89 

162 

148 

3.1 

93 

0 

+ 


* Mgm. per sq. dm. body surface per hour for the period. 

Exp. 1. Averages for four female rats of approximately the same age in each group. 
Fasted for 24 hours from the stock diet, operated and fasted for 24 hours more before testing. 
Two milliliters of 43.8 per cent glucose solution per sq. dm. body surface \vas given each rat 
at the beginning of the absorption period. 

Exp. 2. Female rats given the stock diet and a solution of 0.5 per cent NaCl plus 0.2 per 
cent sodium bicarbonate for 14 days after adrenalectomy. They were fasted and allowed 
only tap water for 36 hours prior to testing the absorption rate. For the latter 1 ml. 
30 per cent glucose per sq. dm. body surface was administered. The adrenalectomized 
rats were prostrated for a short time but there was no fall in body temperature. 

Exp; 3. Exactly like experiment 2 except that the solution of sodium salts was offered 
during the fasting period and removed only when the glucose was given. 

E.xp. 4. Male rats on the stock diet tested 10 days after operation. During this period 
they were given 1 ml. water per sq. dm. body surface per day twice daily by stomach tube 
and tap water was offered ad lib. They were fasted for 36 hours prior to testing. The 
stomach and intestinal contents were examined separatelJ^ It was found that the controls 
had 320 mgm. and the adrenalectomized rats 288 mgm. glucose per sq. dm. body surface 
available for absorption during the two hour period. The dose of glucose given was 2 ml. 
25% per sq. dm. body surface. 

Exp. 5. Exactly the same as experiment 4 except that both groups were given a solution 
of 1.0 per cent NaCl plus 0.2 per cent sodium bicarbonate by stomach tube in place 
of the water. This was continued until testing. In the controls it was found that 302 and 
in the adrenalectomized rats 338 mgm. glucose per sq. dm. body surface had entered the 
intestine and was hence available for absorption during the two hour period. 

either to changes in the stomach emptying time and hence the amount of glucose 
available for absorption (6) or a result of the alterations in salt metabolism which 
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Experimental studies of the distribution of bromide ion between serum 
and cerebrospinal fluid in man and in dogs have led to general acceptance of the 
presence, between these fluid compartments, of a barrier which prevents free 
passage of bromide ion into the spinal fluid. Proof of the existence of this barrier 


is afforded by the many observations that the distribution ratio 


[Br- 


fBri3 


is 


greater than 1. 

In spite of tliis qualitative agreement among all workers, it is clear, from the 
available evidence, that quantitative differences exist. Thus, whereas in man 
the value of the ratio, R, is found to vary but little from 3 (1) (2) (3), in dogs 
ratios varjdng from 1.2 to 1.5 are usually found (4) (5) (6). 

In seeking an explanation of the marked variation of R in man and dog, 
the question of the possible influence of the serum bromide level arises. In 
man the barrier permeability to bromide ion has been studied principally under 
conditions of low^rum bromide concentration while in dogs levels which many 
clinicians consider toxic to man are commonly maintained. Furthermore in 
isolated instances in which R has been studied in patients who, according to clin- 
ical standards, are severely into^dcated with sodium bromide, the observation 
has been made that the value of the distribution ratio tends to be low (2). 

In view of these considerations it appeared worth while to study systematically 
the effect of alterations in serum bromide concentration upon the value of R. 

Methods. Dogs were used exclusively in this study. In most instances 
sodium bromide was administered intravenously in single doses except when 
very high serum bromide levels were desired. In those cases repeated daily 
doses were given. On a few occasions the salt was administered by mouth. 
At least 24 hours were allowed for equilibrium to be established after the final 
administration of sodium bromide. 

Spinal fluid was obtained by cisternal puncture under ether anesthesia. Blood 
was withdrawn under oil from the saphenous vein and centrifuged. The serum 
was used for analysis. Bromide and water determinations on the seiiim and 
spinal fluid were performed according to the methods previously described 
for sei-um (7). 

Results. The sodium bromide was administered in such quantities that 
the dogs studied fell into three groups. In group I (table 1) the serum level of 

» These data were presented before the Federation of American Societies for Experimen- 
tal Biology during the fifty-fourth annual meeting held in Boston, Mass., April, 1942. 
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TABLE 1 


Showing the dislribidion ratio of bromide behoeen serti7n and spinal fluid at intermediate 

scrim bromide levels 


DOG 

BROMIDE mM/KGM. H:0 

HsO gm./kgm. 

Br(s): Br (sp. ri..) 
(R) 

Serum 

Spinal fluid 

Serum 

Spinal fluid 

1 

22.5 

19.1 

924.0 

987.0 

1.18 

2 

25.3 

19. S 

916.0 

988.0 

1.28 , 

5 

25.9 

17.8 

910.0 

989.0 

1.45 

6 

32.3 j 

26.7 

928.0 

988.0 

1.21 

7 

33.2 

29.1 

927.0 

987.0 ' 

1.14 

S 

33.6 

25.1 

916.0 

987.0 

1.34 

9 

33.9 

28. 4 

925.0 

991.0 

1.19 

10 

34.2 

27.9 

930.0 

989.0 ' 

1.22 

11 

37.2 

27.2 

925.0 

987.0 

1.37 

12 

3S.6 

33.3 

921.0 

984.0 

1.16 

13 

41.4 

34. S 

932.8 

989.8 

1.19 

14 

42.2 i 

34.2 

924.0 

987.0 

1.23 

15 

45.7 1 

38.5 

1 902.0 

1 

987.5 

1.19 


TABLE 2 


Showing the distribution ratio of bromide between serum and spinal fluid at low serum 

bromide levels 



BROMIDE mJI/kgm. HsO 

HsO GM./KGM. 

Br(s): Br (sp. fl.) 

DOG 


1 



(R) 


Serum 1 

Spinal fluid 

Serum 

Spinal fluid 

16 


0.91 

■SOI 

990.0 

1.65 

17 


0.81 


990.0 

1.98 

IS 


1.01 


990.0 

1.71 

19 

5.0 

2.63 


988.0 

1.90 

20 

6.5 

3.4 

920.0 

990.0 

1.89 

21 

6.76 

4.05 

917.0 

989.5 

1.67 

22 

6.8 

3.74 

923. 

988.0 

1.82 

1 

23 

11.8 

7.26 

916.5 

989.5 

1 

1.65 


TABLE 3 

Showing the distribution ratio of bromide between serum and spinal fluid at high serum 


bromide levels 



BROMIDE mM/kgm. HsO I 

HsO gm./kgm. 

Brfs): Bf (sp. Ft.) 

DOG 





(R) 


Serum 

Spinal fluid 

Serum 

Spinal fluid 

24 

73.1 

68.4 

916.0 

991.4 

1.07 

25 

74.8 

72.0 

920.0 

989.5 

1.04 

26 

83.2 

75.9 

957.8 

991.1 

1.09 

27 

85.3 

80.7 

907.0 

984.0 

1.06 

. 28 

86.0 

79.1 

916.0 

986.0 

1.09 

29 

96.0 

81.6 

955.7 

990.3 

1.17 
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sodium bromide was in the range generally employed for bromide studies^ in 
dogs, namely, 20 to 50 mM Br/kgm. H 2 O; in group II (table 2) tbe seium bromide 
level B'as low — 1 to 10 mM Br/kgm. H 2 O and, in group III (table 3) the level was 
high — ^70 to 95 mM Br/kgm. II 2 O. 

Inspection of these data reveals that in the animals comprising group I the 
value of the distribution ratio varied beWeen the minimum value of 1.14 and 
the maximum value of 1.45; the average for all animals in this group is 1.25. 
The ratio 1.14 obtained for dog 7, besides being the lowest found in the present 
series, is the lowest we have seen reported in the literature at similar bromide 
concentrations. It may therefore be considered an unusual finding. Within 
this group of animals there is no suggestion of a regular relationship betiveen 
the value of R and the serum bromide level. 

TABLE 4 


Illustrating the time necessary to reach equilibrium between serum and spinal fluid 


DOG 

SAMPLE 

BROMIDE 1 

mM/kgm. H:0 j 

(Bi-h 
(Br'lsp FL. 

TIME 

(hours) 

3 

Serum 1 

39.6 

1.53 

9 


Serum 2 

37.2 

1.33 

13 


Serum 3 

, 37.7 

1.30 

1 

15 


Spinal fluid 1 

25.9 




Spinal fluid 2 

27.9 




Spinal fluid 3 

29.0 



4 

*Serum 

27.5 




Spinal fluid 1 

19.0 

1.45 

10 


Spinal fluid 2 

20.0 

1.37 

13 


Spinal fluid 3 

21.05 

1.30 

16 


Spinal fluid 4 

20.9 

1.31 

20 

* Average concentration for samples 1, 2 

3,4 

1 


Compared with the animals of group I, the value of the distribution ratio in 
the dogs of group II is quite high, the average value being 1 .78 . It is noteivorthy 
that even the lowest value of R obtained in this group is considerabh’- higher th f^. u 
the highest value found in group I. Nevertheless among the dogs in group II, 
as vas the case in group I, the value of the ratio, varies in a manner apparently 
unrelated to the serum bromide level. 

The effect of massive doses of sodium bromide upon the value of R is indicated 
from the results obtained on the dogs of group III. In five of the sLx dogs studied 
the value of the distribution ratio is lower than even the unusually Iob^ lvalue of 
1.14 obtained in dog 7 of group I. The average value of R in these dogs is 1.09. 

Early in this study experiments were conducted to determine the time re- 
quired for equilibrium to be established betiveen blood and spinal fluid. Fol- 
lowing intravenous administration of sodium bromide, samples of blood and 
spinal fluid were obtained at two hour intervals and analyzed. It was soon 
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apparent, however, that equilibrium is reached slowlj^ and hence, since the 
amount of spinal fluid one can obtain from dogs bj'- cisternal puncture is limited, 
a long interval of time was allowed to elapse in later experiments before the 
initial samples were withdraAvn. The results of two such experiments, shown 
in table 4, indicate that equilibrium is reached within 10 to 13 hours. These 
observations agree wdth those reported by Wallace and Brodie who state that 
seven or more hours are required for attainment of equilibrium (8). 

Discussion. It is clear from these data that Avhen Awde variations in the 


level of serum bromide exist, the value of the distribution ratio ^ ^ bears 

[Br-jsp.n. 

an inverse relationship to the serum bromide concentration. Recently Wallace 
and Brodie (8) reported that the distribution ratio of iodide ion betAveen serum 
and spinal fluid increases Avith decreasing serum iodide concentration. Their 
stated opinion is that the same relationship holds for bromide and thiocj''anate 


ions. 

Many factors aside from expected individual differences may operate to mask 
this relationship AAUthin more limited variations in serum bromide concentrations. 
For example, it is a aa’cII knoAAm fact that the kidney preferentially excretes 
chloride ion over bromide ion. This property of the kidne}'’ together AAith the 
sloAv rate at AARich equilibrium between the blood and spinal fluid is reached 
might prevent a true state of equilibrium from ever being attained. Any 
fortuitous circumstance AARich might cause the kidney to increase the urinary 
output even temporarily AA’Ould result in an alteration in the bromide to chloride 
ratio in the blood to AAdiich the spinal fluid might not become adjusted for a 
considerably longer time. If samples Avere draAAm before this adjustment AA'ere 
complete onl}'' approximate equilibrium Avould exist and hence the A'^alue of R 
Avould be altered. HoAA^eA^er, AAdien the distribution ratio is studied OA'-er extreme 
ranges in serum bromide concentration the variations in the ratio may be too 
great to be concealed bj^ a temporaiy “dis-equilibrium.” 

From these data it is obAuous that the difference in the value of the ratio be- 
tAA^een man and dog is not to be explained entirely upon the basis of serum 
bromide leA'^els. In no instance in the dog were ratios as high as 3 obtained even 
AvRen the serum bromide concentration was extremely Ioav. Until more infor- 
mation is aAmilable regarding the mechanism by Avhich spinal fluid is formed, 
this discrepancy must be attributed to a “species difference.” Only a suggestion 
as to AA'hat this difference might be can be offered at this time. 

AVeed particular^'’ has called attention to the dual source of the cerebrospinal 
fluid (9). Part of the fluid originates at the choroid plexuses and a part ap- 
parently reaches the subarachnoid spaces via the pericapillary spaces. The 
consensus is that the fluid from the plexus is a secretion (10). The fluid derived 
from the capillaries Ave presume to have the characteristics of an ultra-filtrate 
of seium although this AueAv has been questioned recent^'’ (11). It is entirely 
possible that in different species, the amount of fluid contributed by each source 
differs. To a lesser degree, this situation undoubtedly occurs Avithin a gwen 
species; indeed in any giA^en animal it is not unreasonable to suppose that the 
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proportion of fluid from each source varies under different conditions. Unless 
one makes what, on the basis of aAmilable evidence, would seem to be an un- 
justifiable assumption that the choroid plexus and the ordinaiy capillaries of 
the brain offer the same resistance to the passage of bromide ion into the spinal 
fluid, it follows that the value of the distribution ratio must vary as the pro- 
portion of fluid coming from either source of spinal fluid varies. It seems that 
this point of view is more tangible and involves fewer assumptions than the 
equally plausible viewpoint that this difference between species as well as 
intraspecies differences is attributable to different grades of permeability of the 
barrier to bromide ion. 

We believe that our data on the dog are most readily explained by assuming 
that sodium bromide alters the barrier existing between the blood and spinal 
fluid. The extent of alteration appears to increase with increasing concentration 
of bromide ion in the organism. As a result of this change, the distribution 
ratio approaches the ratio one would expect to And between serum and its ultra- 
filtrate. Whether the alteration is of such a nature as to cause a diminution in 
the proportion of fluid contributed bj’^ the choroid plexus where, considering all 
available evidence, the barrier would appear to be located or whether it changes 
the nature of the secretion in the direction of an ultrafiltrate cannot be decided 
b}’- these data. 


CONCLUSION 

The distribution ratio of bromide ion between serum and spinal fluid varies 
inversely with the concentration of bromide in the serum. Reasons for this 
finding are suggested. 
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In spite of the extensive use that is made of the fasting rat for study of meta- 
bolic problems, surprisingly little has been done to define accurate^’- the course of 
variation of the total respiratory metabolism following withdrawal of food. 
There is some information regarding oxygen consumption and respiratory 
quotient of the 24-hour fasting animal, and some for other isolated intervals 
(see Benedict and MacLeod, 1929, and Horst, Mendel and Benedict, 1930, for 
summaries, and their own results), but until after this work was under way, that 
of Wesson (1931) represented the onW attempt to provide complete, continuous, 
hour-by-hour description of these functions during the first 44 hours of a fast. 
Discrepancies among these earlier data justified re-examination of the subject; 
and the more recent work of Werthessen (1937), though adequate in scope, has 
so confused the issue by the unusual nature of the results obtained, that addi- 
tional evidence is even more imperative. 

Methods. Animals and diet. All determinations were made on male albino 
rats of our colony, a hardy, fertile, normal-growing Wistar strain, inbred for 
many generations and quite free from internal and external parasites and 
organic disease. The animals used for tins work were the second generation on 
a carefully prepared diet, specially fortified with vitamins and minerals to insure 
complete adequacy. This consisted of whole wheat, “Klim”, NaCl, CaCOs, 
yeast and cod liver oil. 

Controlled feeding . When six weeks old the animals were placed in individual 
cages, and at 5| months of age (average weight, 303 grams) were started on 
controlled feeding, at two periods each day: from 9 to 11 a.m. and 3 to 5 p.m. 
After an initial weight loss on this regime there was complete recovery and daily 
food-consumption records showed normal, average intake. 

This method of controlled feeding makes it possible to know with some exact- 
ness when and how much the animal last ate, thus giving greater accuracy m 
determining the exact hours of fasting than the common procedure of counting 
from the time of removal of food, to which there has been constant access and 
which may have been last partaken of an indeterminate time previousbe 

Similar precaution as to feeding was previously taken by Wesson (1931) and, 
more recently, Werthessen (1937) ; and although the latter attributed to it the 
unusual and peculiar nature of his results, there is nothing in those of Wesson or, 
as will be shown later, of our own, to indicate it had any untoward or disturbing 
metabolic effect; a conclusion also in agreement with that of Kleiber and Smith 
(1940). 

Apparatus. The closed-circuit metabolism apparatus described bj' Schwabe 
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and Griffith (1938) was used, modified to the extent that carbon dioxide, instead 
of being titrated, was measured by change in electrical conductivit}’’ of the 
Ba(OH )2 solution used to absorb it, by apparatus designed and constructed in 
this laboratory by Mr. Richard J. Jones. This improvement upon the original 
model made it possible to follow CO 2 output minute by minute and thus relate 
it accurately to the concurrent^', graphically recorded O 2 consumption. 

The advantages of this apparatus are; record of the O 2 consumption is graphic 
and continuous and can be determined for any desired interval so that periods 
are regulated only by the basal state of the animal and not bj’' limitations of the 
experimental apparatus; continuous activity records of the animals are obtained 
graphically in the record of O 2 consumption, making it possible to eliminate all 
experimental runs complicated by this disturbing factor. Only rigorously basal 
periods were used for the results reported here; these varied in length from 15 
to 40 minutes. 

The apparatus was calibrated originally and after an}’' major change or replace- 
ment by addition of CO 2 or withdrawal of air at known rates and volumes ; it was 
checked frequently and routinely by burning a jet of illuminating gas at rates 
of combustion approximating those of the experimental animals, as described by 
Bunnell and Griffith (1940). Benedict (1930, p. 175) summarizes his own 
experience, and undoubtedly that of all others, ivith attempted application of 
alcohol checks at rates of combustion similar to the metabolic rate of the rat as 
a “tour de force” capable of only occasional success. It may, therefore, not be 
amiss, in evaluation of our results, to call particular attention to the reliable, 
routine check to which our apparatus was periodically subjected. 

Temperature. The effect of temperature upon metabolic rate was controlled 
by keeping the animals in a constant-temperature room averaging 26°C ± 2° 
at all times. During an experimental run the animal chamber of the metabolism 
apparatus was kept at 28°-30°C. 

Procedure. It was desired to describe the variation in respirator^’' metabolism 
hour-by-hour for the first 36 hours of fasting. To do this two courses were open : 
continuous records from the last ingestion of food, without interruption or re- 
moval of the animal from the metabolism apparatus; or short period (2-4 hrs.) 
determinations, repeated often enough to cover the entire 36-hour interval, the 
animal remaining free in its cage, but without food, until the time chosen for any 
particular test period. 

Short period determinations: This method was tried first, for technical reasons 
as well as from the fear that too-long confinement in the metabolism chamber 
with its restriction of activity and lack of water might influence the results. 
Theoretically, the best application of this method would have involved the use 
of a large number of animals so that determinations at each fasting hour would 
be made at constant age and weight. This was not feasible, not only because 
the necepary numbers were not available but also because the required prelim- 
nai}’' training in controlled-feeding would have made it prohibitive. 

The work was therefore started with four rats, when 8 months old, after having 
been on controlled-feeding 2^ months and inth an average weight of 316 grams. 
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A minimum goal was set of 10 determinations for each hour, as being the least 
that might be expected to furnish a relatively valid average. The animals were 
used in rotation in order to space the fasts and prevent anj’- cumulative effect 
of under-nutrition. Since this procedure Avas anticipated to entail considerable 
elapsed time before all of the required data would be accumulated, the trial 
periods Avere staggered so that, in so far as possible, Amriations due to increasing 
age and AA'eight AA'ould be equally distributed OA'-er the AAdiole aA^erage curve. 
Actual^q with the unavoidable delays inherent in such protracted Avork, it AA'as 
a year before the series AA^as completed as far as the 30th hour of fasting. By 
this time the animals AA^ere 20 months old, AAuth an average AAuight of 367 grams. 
Due to individual rates of groAAffh, the effort to equalize the change in Aveight Avas 
not too successful, the averages for the 10 determinations at each hour A’-arying 
betAA^een 327 to 358 grams. In addition, seasonal A’^ariations, if an}"- (Benedict 
and MacLeod, 1929, p. 371) AA’Ould haA'^e been introduced and unequally dis- 
tributed. These factors, in retrospect, seemed sufficient to account for the 
irregularities of the final, aA^erage curA^'es; their implication being eA'-en more 
probable from the fact that respiratorj’’ quotient, presumably less affected by 
age and body size than total O 2 consumption or COo production, shoAATd the 
least irregularity. These data AA^ere considered Amluable, hoAA"eA''er, and aatII be 
referred to in confirmation of those definith’-elj'^ obtained bj’- continuous records, 

as follOAA'S. 

Continuous determinations: Each of the aboA’-e four animals AA^as at one time 
(when, respectively, 14, 15, 15 and 16 mos. old) observed continuously for the 
first 24 hours of fasting. To these four records for the first 24-hours AA’^ere later 
added six others obtained from a neAA^ group of four animals. These AA^ere treated 
and trained in controlled-feeding exactly as the first group and were used for 
these determinations AA'hen 7 to 9 months old; tAA^o of them being used tAAdce, 
when 7 and 9, and 8 and 9 months old, respectiA^ely. In addition, each animal 
of this second group AA^as obseiwed tAA'ice oA'^er the fasting interA'’al of 25 to 36 
hours, AAffien they AA^ere 10 and 12, 12 and 13, 11 and 12, and 11 and 12 months 
old, respectively. 

In conclusion, the final and definitwe data for O 2 consumption and CO 2 
production are, therefore, dertyed from ten continuous runs covering the first 
24 hours, plus eight continuous obseiwation periods covering the last 12 hours 
of a 36-hour fast. Within each of these intervals the data from hour to hour are 
completeb'^ homogeneous and free from any relattye disturbance due to age, 
AATight or seasonal differences. BetAA’^een the tAA'O sections of the curA’-e, joining 
at the 24-25 hour interA'’al, some hiatus might be expected due to the slight 
difference in age composition of the two groups; actually, there AA'as none; pi’ob- 
abb' due to the fact that the average age and AA'eight of the 1-24-hour group 
(11 months; 342 gi-ams) AA'as almost exactly the same as that of the 24-36-hour 
gi’oup (11.6 months; 336 grams). 

Results. Oxygen consumption and carbon dioxide production. As mentioned 
in the preceding section, the results giAung the smoothest aA'erage curA’^es for 
these tAA’o Amriables are those deityed from ten 1-24-hour, and eight 25-36-hour 
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continuous runs. These are shown in table 1 and figure 1. As, also mentioned 
previously, these data are substantiated (for the first 30 hrs.) in every important 
particular, such as maximal and minimal values, percentage change and time 


TABLE 1 


HOURS 

TASTING 

OXYGEN CONSUilPTION AND CARBON DIOXIDE 1 

PRODUCTION ' 1 

1 

RESPIRATORY 

QUOTIENT 

CALORIES PER 
m^/24 HRS. 

Number 
of deter- 
minations 

Average 

weight, 

grams 

O.vygen 

Carbon dio.vide 

Number 
of deter- 
minations 

Average 

Average 

Per cent 
of maxi- 
mum 

cc. per 
minute 

Per cent 
of maxi- 
mum 

1 cc. per 
minute 

1 

Per cent i 
of maxi- 
mura 

1 

10 

342 

4.83 

100.0 

4.74 

100.0 

20 

0.970 

954 

100.0 

2 

10 

342 

4.70 

97.3 

4.42 

93.2 

20 

0.925 

915 

95.9 

3 

10 

342 

4.69 

94.1 

4.33 

91.3 

20 

0 . 941 ' 

915 

95.9 

4 

10 

342 

4.57 

94.6 

4.39 

92.6 

20 

0.942 

901 

94.4 

5 

10 

342 i 

4.61 

95.4 

4.34 

91.5 

20 

0.901 

882 

92.5 

6 

10 

342 

4.59 

95.0 

4.11 

86. 7 

20 

0.928 

899 

94.2 

7 

10 

342 

4.53 

93.8 

3.89 

82.1 

20 

0.867 

879 

92.1 

8 

10 1 

342 

4.47 

92.6 1 

3.94 i 

83.1 

20 

0.841 

869 

91.1 

9 

10 

342 

4.42 

91.5 

3.62 

76.4 

20 

0.788 

855 

89.6 

10 

10 

342 

4.42 

91,5 

3.58 

75.5 

20 

0.795 

853 

89.4 

11 

10 

342 

4.42 

91.5 i 

3.44 

72.6 

20 

0.788 

831 

87.0 

12 

10 

342 

4.34 

89.9 

3.48 

73.4 

20 

0.788 

SIS 

85.7 

13 

10 

342 

4.28 

88.6 ‘ 

3.51 

74.1 

20 

0.808 

812 

85.1 

14 

10 

342 

4.29 

88.8 

3.51 

74.1 

20 

0.774 

817 

85. 6 

15 

10 

342 

4.14 

85.7 

3.35 

70.7 

20 

0.798 

780 

81.7 

16 

10 

342 ' 

4.19 ' 

86.8 

3.49 

73.6 

20 

0.807 

795 

83.4 

17 

10 

342 

4.20 

87.0 

3.32 

70.0 

20 

0.780 

789 

82.7 

IS 

10 

342 

4.05 

83.9 

3.28 

69.2 

20 

0.798 1 

765 

80.2 

19 

10 

342 

4.00 

82.8 

3.08 

65.0 

20 

0.789 

748 

78.4 

20 

10 

342 

4.01 

83.0 

3.01 

63.5 

20 

0.763 ! 

746 1 

78.1 

21 

10 

342 

4.07 

84.3 

3.12 

65.8 

20 

0.755 

763 

80.0 

22 

10 

342 

4.31 

89.2 

3.29 

69.4 

20 

0.754 

806 

84.4 

23 

10 

342 

4.16 

86.1 

3.06 

64.5 

20 

0.736 

791 

82.9 

24 

10 

342 

4.25 

88.0 

3.26 

68.8 

20 

0.774 

793 

83.0 

25 

8 

336 

4.17 

86.3 

2.95 

62.2 

.18 

0.744 

777 

! 81.4 

26 

8 

336 

4.08 

84.5 

2.89 

61.0 

18 

0.744 

762 

79.8 

27 

8 

336 

3.95 

81.8 

2.79 

58.8 

IS 

0.727 

738 

77.3 

28 

8 

336 

3.92 

81.2 

2.85 

60.1 

18 

0.697 

731 

76.6 

29 

s 

336 

4.06 

84.1 

2.96 

62.4 

18 

0.710 

761 

79.8 

30 

s 

336 

3.95 

81 . S 

2.77 

I 58.4 

IS 

0.721 

737 

77.2 

31 

8 

336 

4.05 

83.9 

2.94 

62.0 

i ^ 

0.730 

760 

79.6 

32 

8 

336 

3.91 

81.0 

2.88 

60.8 

8 

0.713 

730 

76.4 

33 

S 

336 

4.18 

86.5 

2.96 

62.4 

s 

0.710 

780 

81.7 

34 

S 

336 

4.05 

83.9 1 

2.90 

61.2 

s 

0.718 

758 

79.4 

35 

8 

336 

4.01 

83.0 

2.78 

58.6 

8 

0 . 6 S 3 

747 

78. 3 

36 

8 

336 

3 . 9 S 

82.4 

2.76 

' 58.2 

8 

0.703 

742 

77.8 


relations, by the results of an equal number of short-period (2-4 hrs.) determina- 
tions repeated often enough to cover the first 30 hours of fasting. This latter 
procedure, as already explained, involved introduction of age, weight and sea- 
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sonal variables which probably are enough to account for the lack of smoothness 
of the final average cuiwes so derived; for all this, however, these results are 
valuable as showing that none of the characteristics of the data of table 1 and 
figure 1 are due to any untoward effect from confinement of the animals for long 
periods in the metabohsm chamber with the ensuing restriction of activity and 
water intake. 

Oxygen consumption and metabolic rate. Table 1 gives the values of O 2 con- 
sumption in cubic centimeters per minute and also as percentage of the imme- 
diate, post-prandial value. Also recorded is -the metabolic rate as calories per 
square meter per 24 hours, derived from O 2 consumption and R.Q. in the usual 
way, using Diack’s foimula (1930; S = 7.47 • Wt. ) for surface area; this is 



Fig. 1. The respiratory metabolism of the fasting rat for 36 hours following the ingestion 
of food: 

Top curve (open circles): Calories per square meter. Middle, curve (dashes): Carbon 
dioxide output, cubic centimeter per minute. Lowest curve (solid circles): Respiratory 
quotient. Calories per square meter and CO: production are both plotted as percentages 
of the maximal, immediate post-ingestion values. 

also recorded as percentage of the immediate post-ingestion value, and is so used 
for the graph of figure 1. Oxj’-gen consumption and calories per square meter 
are in no essential respect different; the latter has been chosen for illustration 
and may be made the basis of discussion because of its more general, comparative 
value. 

Examination of the data shows maximal heat production of 954 Cal./m-/24 hrs. 
during the first hour after cessation of food ingestion. From this time until the 
20th fasting hour there is decline which is continuous and uniform, to a value 
78 per cent of the maximal. Such slight irregularities as there are on this pa^t 
of the curve probably represent unavoidable experimental error and maj’' be so 
dismissed. 
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Beginning at the 20th hour is an unmistakable elevation of metabolic rate, 
rising fairly sharply to a maximum (84.4 per cent) at the 22nd hour and returning 
to or slightly below the value from Avhich it started by the 28th hour . From this 
time until the 36th hour there is no further major change and this latter part of 
the curve is perhaps best described as an oscillation about the value, /8 pei cent 
of maximum, reached at the 20th hour. 

Carbon dioxide 'production, also, is maximum during the first hour of fasting 
and thereafter declines, as already observed for O 2 consumption and heat pro- 
duction, but with these differences: the decline is more rapid until the 11th hour; 
a more or less stable period, at about 73 per cent of maximum, then supervenes 
until the 16th hour •, minimal, stable rate of production is very clearly not reached 
until the 26th-27th hours, oscillating, thereafter, about a value approximately 
only 60 per cent of the maximum post-ingestion rate. The temporary elevation 
of metabolic rate obseiwed for O 2 consumption and heat production between the 
20th and 28th hours is also evident on the CO 2 curve, but less clearly, due to its 
super-position on a still-declining base line. The final, steady, rate of fasting 
CO 2 production, approximately 60 per cent of maximum, from the 28th hour on, 
is 17 db per cent lower than the corresponding final metabolic rate as derived 
from O 2 consumption. 

Respiratory quotient. As mentioned under Procedure, respiratoiy quotient 
showed the same trend, mth no difference in hour-to-hour variability, whether 
derived from the short-period or continuous determinations. Age, weight and 
seasonal disturbances introduced by the successively-repeated short-period 
method, apparently had little effect on this qualitative measure, and a slightly 
smoother curve is obtained bj'’ averaging all observations. These, as ahead}'’ 
described, include for the first 30 hours of fasting, 10 determinations per hour b}’’ 
the short-period method. An equal number from continuous runs for the first 
24 hours make a total of 20 determinations per hour for this period. From the 
24th to the 36th hours there were also 8 continuous runs, which, vith the ten 
short-period determinations covering the 24-30 hour period, make a total of 18 
per hour for this interval, and 8 per hour for the 30-36 hour terminal portion of 
the curve. 

As may be seen from the table and especially from figure 1, respiratory quotient 
declines from a maximum of 0.977 during the first fasting hour to approximately 
0.79 at the 9th hour. For the next 10 hours, i.e., until the 19th, there is no 
further decline, but merely oscillation about this value, the actual average for 
the 9th to 19th hours, inclusive, being 0.793. Beginning vdth the 20th hour the 
decline is resumed, but until the 27th-29th hour is apparently somewhat in- 
fluenced by the metabolic events responsible for the elevation of rate during this 
inteival, so that the actual 24-hour value of which so much has been made is, we 
believe, more than just accidentally high (0.774). Between the 27th and 28th 
houis,howe\ei, lespiratory quotient appears to have reached a minimal steady 
value, the average for the 28th to 36th hours, inclusive, being 0.710. 

Discussion. Perhaps the most obvious and necessar}'- comment on the data 
now available regarding the fasting respiratory metabolism of the rat is to em- 
phasize the urgent need for further information. That which is at hand is still 
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too meagre and, particularly, too complete^ lacking in agi-eement to permit any 
general conclusion. This is still true even after the elimination, which may be 
made at once and until some confirmatorj’- evidence in their support is forth- 
coming, of the qualitatively bizarre results of Werthessen (1937). Even thus 
restricted, the remaining data are more remarkable for their diversity than for 
their agreement. 

As far as metabolic rate is concerned, the results described here are inter- 
mediate between those reported by Wesson (1931) and by Benedict and MacLeod 
(1928, p. 363). The latter made observations at only occasional intervals, 17, 
24, 42 and 64 hours, during fasting, obtaining average values 95, 87, 95 and 92 
per cent, respectively, of the immediate post-ingestion maximum of 1065 Cal. 
m2/24 hours (using Rubner’s constant of 9.1 • W5 for calculation of surface 
area). These values are higher than ours, absolutely, and even more so when 
account is taken of the use by them of 9.1 instead of 7.47 (as by us; Diack’s 
formula) as the constant for estimation of body surface; but, more particularly, 
they indicate considerably less decrease in metabolic rate during fasting, than 
is shown by our rats for the first 24 hours. Also the conclusion from these re- 
sults and others which they review, that “ingestion of food does not exert any 
appreciable influence on the rat’s metabolism after 14 to 17 hours” (Horst, 
Mendel and Benedict, 1934, p. 281) is obviously far from justified by our data. 

As mentioned in the introduction. Wesson is the only one, in so far as we know, 
previously attempting to define the fasting metabolic rate accuratelj’’ hour by 
hour; and -with results which agree vuth ours even less than those of Benedict 
and MacLeod. From a post-ingestion maximum of 1072 Cal./m2/24 hours 
(which, absolutely, is even still higher than ours because of the use of Lee’s 
constant of 12. 54. in calculation of body surface). Wesson observed an abrupt, 
precipitous drop to 68 per cent of this value at the 4th fasting hour, and an 
extreme fall to onlj'’ 54 per cent at the 22nd hour. In all other respects, also, his 
data resemble ours so little that further detailed comparison would be fruitless; 
even the fact that his rats received pure dextrin rather than the usual mixture 
of foodstuffs for their last meal hardlj’' seems sufficient to explain the difference 
between his results and our ovm. 

And, just as there is no similarity, in general, between our results and those 
of others, so, also, there is nothing in previous evidence by which to judge the 
possible correctness or significance of the decided calorigenic response evident 
on our curve between the 20th and 28th hours. Judged by internal evidence, 
it would seem not to be an artefact. It Avill be recalled that the total calorimetric 
data shown in the curve of figure 1 are composed of two separately determined 
sets: 1-24 hour runs and 25-36 hour runs, done, in part, on different animals and, 
when on the same animals, separated by intervals of about one month. There 
would be some reason, therefore, to expect the possibility of a break in the curve 
at the 24-25 hour interval where the two sets of data are joined, unless the de- 
tei-minations are really accurate measurements of the metabolic rate. Since, 
as can be seen, the continuity of the cuiwe at this point is not broken although 
the junction is made at a time of rapidly changing rate, it would seem reasonable 
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to conclude that the data, as given, represent with reasonable accuracy the 
phenomenon being measured. 

As to the meaning of such an effect at this time it may be significant that its 
onset coincides with reduction of liver glycogen to minimal values (Long et ah, 
1940) and, presumably, when shift is being made to other sources of energy; it, 
therefore, might be taken to represent an endogenous specific djoiamic action, 
particularly of fat; an interpretation in line with the rapid reduction in respira- 
tory quotient to a fat level occurring during the same time, to be referred to in 
what follows. 

Previous evidence regarding the respiratory quotient of the fasting rat need 
not be set forth here in detail. This, which is concerned chiefly (except that of 
Wesson) with fixing the value characteristic of the 24-hour fasting rat, or the 
earliest time at which a stable, minimal value is attained, has been reviewed by 
Horst, Mendel and Benedict (1930, p. 178). Their conclusion is that most of 
the previously published values are too high; and, wdth a finality which has 
conditioned all later thinking, state that “the respiratory quotient of the rat 
after 24 hours of fasting is so near 0.72, on the average, that one may with con- 
fidence measure the CO 2 production or the O 2 consumption only, assume a 
respiratory quotient of 0.72, and compute the total metabolism with a minimum 
error.” Later (1934, p. 281) they summarize their experience as indicating 
“respiratory quotients not far from 0.72 in 16 to 23 hours after food;” a deduc- 
tion clearly at such variance with our results that comment or attempt at 
reconciliation is completely stopped. 

There is no suggestion in any of this prerdous evidence regarding respiratory 
quotient of the complicated pattern of change indicated by our results; and, j'^et, 
this seems metabolically reasonable. It would appear to be demanded that "at 
some stage in the post-absorptive metabolism this should stabilize, qualitatively, 
with combustion of the average mixture of foodstuffs and an R.Q. in the neigh- 
borhood of 0.80. This, our results show to be trae between the 9th and 19th 
hours. By the end of this time, as is now rvell known for the rat, liver glycogen 
is reaching minimal values and as our results show, shift to other than carbohy- 
drate sources of energy is accompanied by a definite effect on total heat produc- 
tion and is reflected in an abrupt decline of respiratory quotient. Only bj'’ the 
time this alteration is apparently complete, i.e., the 28th fasting hour, does the 
R.Q. reach a true fat value, which is then maintained for as long as our data go, 
to the 36th hour. 

In concluding it may be mentioned that, if our results are correct, it is un- 
fortunate the 24-hour fasting rat has been chosen, somewhat blindly and em- 
pirically, as a standard animal for metabolic work; for this apparently is a time 
of particular metaboHc instability. This might not be serious if determinations 
were always made at exactly this time by employment of trained, controlled 
feeding; but as this is almost never done the prescription is more honored in the 
breach than the observance. Thus Horst, Mendel and Benedict, with a candor 
lyhich is unique, aclmowledge (1934, p. 281) the probability that actual fasting 
time maj^ easily be 3 to 4 hours longer than its usual, uncritical estimation. 
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This would mean that the usual (inadequate) precautions taken to ensure a 
24-hour fast result in determinations made 27-28 hours after actual ingestion of 
food and thus at a time when the metabolism, according to our evidence, is 
actuallj'- becoming minimal and steady both as to rate and respirator}’- quotient; 
and thus providing ground for those who insist that iDoth of these are true for 
the alleged 24-hour period. 

Our results do not provide any equally plausible alibi for those who have 
placed the attainment of minimal metabolic rate and respiratory quotient as 
early as the 14th-17th hours. But if, on the assumption that any times beyond 
this and approximating 24 hours were safely minimal and classifiable for rough 
identification as a 24-hour fast, determinations are made on animals presumably 
fasted for 20-24 hours, the data would no doubt really belong to the 22-26 hour 
interval; for which, according to our results the average R.Q. is 0.75; a figure 
exactly equal to that reported by Schwabe et al. (1938) as the average of some 
400 determinations so made. From all of which it follows that in future such 
rough approximations of fasting time wll have to be candidly admitted or 
greater pains used to secure more accurate timing. 

SUMMARY 

The fasting respiratory metabolism of the albino rat (average age 11 months; 
weight, 340 grams) is described hour-by-hour for the first 36 hours following 
controlled feeding. 

Metabolic rate calculated from O 2 consumption and R.Q. in the usual way and 
using Diack’s formula for estimation of body surface, drops from an immediate 
post-ingestion maximum of 954 Cal./m-/24 hours steadily and uniformly to 78 
per cent of this value at the 20th fasting hour. During the next 8 hours the 
curve is elevated in semblance of a specific dynamic reaction to fat, vith maxi- 
mum of 84 per cent at the 22nd hour and final return to 76.6 per cent by the 28th 
hour. Thereafter, until 36 hours, the general trend is horizontal with oscillation 
about the value, 78 per cent, previously reached at the 20th hour. 

Respiratory quotient drops from an immediate post-ingestion maximum of 
0.970 to approximately 0.790 at the 9th hour. Thereafter, until the 19th hour 
it indicates the combustion of the usual, post-absorptive mixture of foodstuffs 
and merely oscillates about this as an average value. Beginning vith the 20th 
hour decline is resumed to reach 0.70 at the 28th hour, but is interrupted liy a 
temporary rise between the 22nd and 26th, to a maximum of 0.774 at the 24th 
hour. Beyond the 28tli and until the 36th hour there is mere oscillation about 
an average fat value of 0.710. 

These results, if true and confirmed, indicate the 24-hour fasting rat was a 
peculiarly unfortunate choice for a metabolic standard, since this point is ap- 
parently midway in the transition from the metabolism of mixed foodstuffs to 
one exclusively of fat; consequently the slightest inaccurac}’’ in estimation of 
fasting time at this particular interval will necessarily eventuate in results of 
relatively wide diversity. 
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Convincing evidence is available that the anterior pituitary influences the 
breakdotra of endogenous protein and the mobilization of depot fat, either 
directly or through the mediation of other endocrine glands. Thus, it has been 
shotvn that the h 3 '-poph 3 '-sectomized animal during fasting has a decreased nitro- 
gen output (Aschner, 1912) and a diminished gluconeogenesis from protein 
(Houssay, 1936) ; and that the migration of fat from the fat depots to the liver 
as caused in normal animals by carbon tetrachloride or phosphorus (Issekutz 
and Yerzar, 1938), or b 3 ’- pancreatectomy (Long and Lukens, 1936), is prevented 
by hypophysectomy. Furthermore, th 3 '^roid feeding cannot deplete the stored 
depot fat in hypophysectomized as it does in normal animals (Cope and Marks, 
1934-1935). 

In view of this established influence of the anterior pituitary on the mobiliza- 
tion of protein and fat, the question arises as to its role in the mobilization of 
carbohydrate. Experiments carried out on hypoph 3 ''sectomized animals in which 
the effects of adrenaline on blood sugar and glycosuria were studied might have 
throvm some light on the question. However, the literature on this subject is 
contradictory. 

Aschner (1912) was the first to show that adrenaline produces either slight 
glycosuria or none at all in hypoph 3 '^sectomized dogs. Corkill, Marks and 
^Vhite (1934) demonstrated that adrenaline administered subcutaneously to hy- 
pophysectomized rabbits produced less hypergl 3 ’’cemia than in normals, despite 
previous glucose feeding. Similar findings have been reported b 3 '' man 3 ’- investi- 
gators (Cope and Marks, 1934-1935; Houssay and di Benedetto, 1932; Chaikoff 
et al., 1935; Bachman and Tob 3 ’', 1936; Collip et al., 1937). 

Russell and Cori (1937) criticized this work on the grounds that the subcuta- 
neousb^ administered adrenaline was not absorbed by the h 3 ’’pophysectomized 
animals. "When the 3 ’' administered adrenaline intravenous^'' the 3 ' found the 
h3T3ergl3’'cemic response in their hypophysectomized rats was the same as in 
their normals. This contradicts the work of Braier (1931), who also adminis- 
istered adrenaline intravenous^'' but found that h 3 ’'poph 3 ''sectomized dogs re- 
sponded with far less h3q3ergl3^cemia than normals. It also contradicts the 
results of Fluch, Greiner and Loewi (1935) and of K5pinov (1937a, 1937b), who 
found diminished gl 3 'cogenol 3 ’'sis in the isolated livers of h 3 ’poph 3 'sectomized 
frogs when the 3 ' added adrenaline to the perfusing fluid. 

' A preliminary report was presented at the annual meeting of the American Physiological 
Society in Chicago, 1941. 

- This study was aided by a grant (to R. C. de Bodo) from the American Philosophical 
Society. 
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The experiments of Russell and Cori (1937) are open to criticism. They pre- 
sented results obtained on four hypoplwsectomized rats in which, after the 
intravenous infusion of adrenaline, they observed changes in blood sugar of -f 40, 
+133, +47, and +93 mgm. per cent. The average of these widely divergent 
figures was compared with the average of similarly divergent figures obtained 
in five normal rats. Their conclusion based on the comparison "of these aver- 
ages is not justified. Furthermore their animals were not in the postabsorptive 
state — “were not fasted prior to the experiment” — and therefore might have 
been absorbing varjdng amounts of carbohydrate from their gastro-intestinal 
tracts. Finally, even had their experiments been otheririse satisfactory, since 
they claim to have found no difference in response to intravenously administered 
adrenaline between their normal and their hypoph 3 ’^sectomized animals, it is 
essential that they produce conclusive histological evidence that their animals 
were complete!}'' hypoph 3 ^sectomized. The}'^ failed to do so. Considering all 
these facts their results are not convincing. 

Heinbecker and Weichselbaum (1937) administered adrenaline intraperi- 
toneally and found that the hypergl 3 '^cemic response was the same in their 
h 3 +ophysectomized as in their normal animals. The}’' state that them hypophy- 
sectomized dogs were “2-4 times as sensitive [to insulin] as the normals.” An 
analysis of their tables reveals that the post-absorptive blood sugars of their 
h 3 ’'poph 3 'sectomized dogs hardl}^ differed from those of their normals, the former 
ranging from 57 to 79 mgm. per cent (average 67 mgm. per cent) and the latter 
from 60 to 86 mgm. per cent (average 72 mgm. per cent). This is in contrast 
to our own findings. Our h 3 ’'poph 3 ''sectomized dogs were 30-60 times as sensi- 
tive to insulin as normals. The post-absorptive blood sugars of our h 3 'poph 3 ’'- 
sectomized dogs were considerabl}’’ lower than those of normals (see figures 
given below). Consideration of these findings and the additional fact that the 
completeness of their h 3 "pophysectom 3 '' was not verified by liistological stud}^ 
(which is again indispensable in view of their findings) makes it doubtful that 
the animals which Heinbecker and Weichselbaum used for their experiments 
were completely hypophysectomized. 

Since exact knowledge as to the hyperglycemic and glycogenolytic action of 
adrenaline in the hypoph 3 "sectomized animal would help to clarify the role of the 
anterior pituitary in carbohydrate metabolism, and since the literature on this 
subject contains many contradictions, we reinvestigated this question. 

Methods. Our experiments were done on dogs — 24 normal, 13 h 3 ''poph 3 ^sec- 
tomized, and 6 neuroh 3 ''poph 3 ’'sectomized. 

In the earlier series the h 3 'poph 3 ^sectomies were performed by the temporal 
approach, in the later series the oral approach was used. In both, the entire 
hypoph 3 ^sis (pars distalis, pars nervosa, pars intermedia, and pars tuberalis) was 
removed in one piece. When the oral approach was used the bone opening wSsS 
plugged with a sulfathiazole tablet (0.5 G.), and the animals were given 1 gram of 
sulfathiazole by mouth daily (dhdded into two doses) following the operation, 
until the stitches were removed from the soft palate. No postoperative infec- 
tion occurred in any of our h3'poph3^ectomized animals. All the animals 
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discussed herein took food voluntarily Avithin 24 hours after the operation. Fol- 
lowing the operation the post-absorptive blood sugar levels were determined 
almost daily. Blood sugar determinations were also made after var 3 dng periods 
of fasting. Subsequentlj’’ the animals were tested for their sensitivit}^ to insulin. 
These studies constituted a valuable guide to the degree of completeness of our 
hjTDophj'^sectomy before the animals were sacrificed. Later the completeness of 
the Itypophysectomy was actually determined by histological study of sections 
of a block including the body of the sphenoid bone, the fibrous tissue occupying 
the sella turcica, and the overl 3 fing brain tissue. In addition sections were 
made of the organs, with special attention to the th 3 ’-roids, adrenals and gonads, 
and also of the removed pituitary gland. These studies were made by Dr. David 
jMarine, Director of the Laboratories of Montefiore Hospital, New York Cit 3 L 

The neuroh 3 qDophysectomies were performed by the temporal route. The 
entire neurohypophysis [infundibular process (neural lobe), infundibular stem, 
and median eminence] was destroyed, leaving the anterior lobe intact. These 
animals had permanent diabetes insipidus — excreting an average of 4000 to 
5000 cc. of urine per day, during the two 3 '-ears following the operation. 

All the animals (normal, hypophysectomized and neurohypophysectomized) 
were maintained on a constant diet. All the experiments were done vith the 
animals in the post-absorptive state, seventeen to eighteen hours after the last 
feeding. In ever 3 '- case it was ascertained that the animal consumed and re- 
tained the allotted diet. However in one group of normal animals the experi- 
ments were made after an 8 to 13 da 3 '- fast. 

The experiments were made without the use of an 3 '^ anesthetic. The dogs were 
trained to lie quietly during the procedures. Adrenaline was infused intra- 
venously, at a constant rate of 0.0035 mgm./kgrn./min. for five minutes. This 
rate of infusion is within the limits of the ph 3 'siological adrenaline output in cats, 
as determined by Cannon and Rapport (1921). We consider theirs the only 
valid method of determining adrenaline output in animals under ph 3 '’siological 
conditions. To our knowledge no figures determined b 3 '’ their method are avail- 
able in the literature for the physiological adrenaline output of dogs. However, 
tliis amount of adrenaline was found to produce a marked hyperglycemia in all 
our normal dogs. 

Blood sugar samples were taken before the adrenaline infusion was begun, at 
the end of the infusion, and at I’egular inten’^als thereafter for the next two and 
one-half hours. The adrenaline experiments were repeated on some of the ani- 
mals, at inter\^als of several da 3 ’^s. Blood sugar was detennined b 3 ’’ the Hage- 
dorn-Jensen method (1923), using the Somog 3 ’i acid-zinc filtrate (1930). 

Liver samples were excised under local anesthesia for gb’-cogen determination. 
The 3 ^ were excised a few da 3 ’^s after the adrenaline experiments (method 1 
indirect), blood being drawn for sugar determination prior to the excision. 
During the inten'-al between the adrenaline experiment and the excision of liver 
samples, diet being constant, post-absorptive blood sugars and bod 3 ’' weights 
were followed dail 3 L In some animals, after the liver samples were excised, blood 
was again dravm for sugar determination, and the adrenaline infusion experiment 
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was repeated. Additional liver samples were taken fifteen minutes after the end 
of the infusion (method II— indirect plus direct). Liver glycogen was deter- 
mined by a modified Pfliiger method (Bodo and Neuvdrth, 1933). 

Results. Effect of adrenaline on blood sugar of normal dogs. The five-minute 
intravenous infusion of adrenaline (0.0035 mgm./kgm./min.) into eighteen 
normal, unanesthetized dogs produced a marked h 5 ^perglycemic response. The 
post-absorptive blood sugar values of these animals ranged from 79 to 93 mgm. 
per cent (average 85 mgm. per cent). The day-to-day variation in post-absorp- 
tive blood sugar value of each of these dogs was found to be less than 10 mgm. 
per cent dui’ing three weeks of observation. The rise of blood sugar caused by 
adrenaline was apparent by the end of the infusion, and reached its maximum 
within fifteen minutes from the start of the infusion. The average maximum 
rise of blood sugar was 58 mgm. per cent. The smallest rise seen in a normal 
animal was 43 mgm. per cent and the greatest rise was 81 mgm. per cent. The 
blood sugar graduall}'' returned to normal levels within 120 minutes from the 
start of the infusion. 

Effect of adrenaline on blood sugar of hypophysectomized dogs. The blood sugar 
changes induced in thirteen unanesthetized hypophysectomized dogs by the five- 
minute intravenous infusion of adrenaline (0.0035 mgm./kgm./min.) are re- 
corded in table 1. Of these thirteen dogs, in dogs H7, H9, HIO, H12 and H13 
histological study of sections of a block including the body of the sphenoid bone, 
the fibrous tissue occupying the sella turcica, and the overlying brain tissue 
definitely established the complete absence of pituitaiy cells. The pars distalis, 
pars nervosa, pars intermedia, and pars tuberalis had all been completely re- 
moved. In dog Hll a few strands of blurred cells were found, which might have 
been pituitary cells. In all the above dogs the hypophysectomies were done by 
the oral approach. In each the adrenal cortices, th 5 ’-roids, and gonads showed 
the atrophic changes characteristic of complete hypophj^sectomy, except that 
some slight evidence of acthdty was found in the gonads of dog Hll. The re- 
maining dogs listed in table 1 were hypophysectomized by the temporal 
approach. All were found to have small remnants of anterior pituitaiy tissue. 
However, these remnants were functionally insufficient to prevent the atroplty 
of the adrenal cortices, thyroids, and gonads, and they were not sufiicient to 
influence metabolism. These dogs were found to be as sensitive to insulin as the 
100 per cent completely hypophysectomized dogs were. All these animals were 
30 to 60 times as sensitive to insulin as the normal dogs. FurthermcA’e, these 
sub-totally hypophysectomized dogs reacted exactly as did the totally hypophy- 
sectomized dogs to varying periods of starvation, and showed similar low post- 
absorptive blood sugar levels and the same tendency to spontaneous hypoglycemic 
crises. On this basis we have considered the sub-totally hypophysectomized 
dogs as functionally hypophysectomized. The effect of adrenaline on the blood 
sugar levels of both totally and sub-totally hypoply’sectomized dogs are consid- 
ered in table 1. 

As may be seen, the post-absorptive blood sugar values ofthehjT^ophysec- 
tomized dogs varied from 33 to 69 mgm. per cent (average 53 mgm. per cent)— 
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The effect of intravenously infused adrenaline on blood sugar of hypophyseetomized dogs. 

Liver glycogen determination by method 1 


Rate of intravenous adrenaline infusion: 0.0035 mgm./kgm./min. for five minutes. All 
experiments started 18 hours after last feeding. No anesthetic given. 






BLOOD SUGAR (slGlt. PER CENT) 

■■■■ 

DOG NUMBER 

lV*ErGnT AT 
OPERATION 

DAYS AFTER 
HYPOPHY- 
SECTOMY 

WEIGHT AT 
EXPERIMENT 

Before 

adrenaline* 

Maximum 
j after 

' adrenaline | 

Increase 



kgm. 


kgm. 




per cent 

H5 

14.6 

43 

15.0 

55 

68 

13 




52 

14.6 

58 

69 

11 




60 

14.9 

54 



4.42 , 

H6 

14.8 

49 

15.1 

56 

71 

15 




58 

15.2 

54 



4.02 

H7 

13.0 

7 

12.1 

49 

76 

27t 




24 

13.0 

43 

50 '' 

7 




27 

12.9 

i 

52 



3.95 

H8 

15.8 

42 

15.6 

56 

69 

13 




53 

15.8 

53 



2.86 

H9 

17.0 

26 

17.6 

67 

84 

17 




33 

18.0 

56 

71 

15 




36 

17.6 

59 

t 


2.05 

H 10 

15.9 

22 

16.9 

69 

1 88 

19 




26 

16.6 

51 



1.65 

H 11 

23.8 

14 

22.8 

41 

51 

10 




18 

21.6 

38 

1 


1.22 

H 12 

13.9 

24 

14.8 

52 

67 

15 




■ 31 

14.8 

33 



0.94 

H 13 

14.3 

23 

14.1 

46 

56 

10 




27 

13.1 

33 



0.98 

H 1 

18.5 

40 

19.0 

62 

1 

77 

15 

\ 

i 

H2 

19.0 

37 

18.6 

1 

69 

82 

13 

t 

H 3 

15.4 

34 

15.5 

61 

74 

13 


H4 

14.4 

34 

15.0 

59 

66 

7 

t 

Average 

13 



* Postabsorptive value, 
t Not included in average. 

I Liver glycogen not determined. 
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far 'below that of the normals (average 85 mgm. per cent). The wide range of 
these values seen in the hypophysectomized dogs is related to the progression, 
of the changes following the hypophysectomy. Tliis relation will be discussed 
at length in a subsequent paper. 

As in the normal dogs, the hyperglycemic response in the hypophysectomized 
dogs is apparent by the end of the adrenaline infusion, and reaches its maximum 
values within fifteen minutes from the start of the infusion. However, the blood 
sugar returns to its post-absorptive level more promptly than it does in the 
normal animals. As will be noted in table 1, the intravenously infused adren- 
aline produced a maximum rise in blood sugar of 7 to 19 mgm. per cent (average 
13 mgm. per cent) in the hypophysectomized dogs — ^far less than that produced 
in the normal dogs (average 58 mgm. per cent). We have not included the rise 
of 27 mgm. per cent observed in dog H7 in an experiment carried out only seven 
daj'^s after hypophysectomy. In a second experiment carried out on the same 
dog twenty-four days after hypophysectomy a maximum rise of only 7 mgm. per 
cent occurred (see table 1), and in a third experiment carried out twenty -seven 
days after hypophysectomy the maximum rise was 10 mgm. per cent (see table 
3). In all the other experiments on all the other animals, an interval much 
longer than seven days had elapsed between the hypophysectomy and the adren- 
aline experiment, and invariably only a slight hyperglycemic effect was observed. 
This would suggest that the reduced hyperglycemic response to adrenaline is not 
present immediately after hj^pophysectomy but develops only subsequentljL In 
connection with the rise of 27 mgm. per cent observed in dog H7 seven days 
after hypophysectomy it is also significant that whenever the adrenaline experi- 
ment was repeated on any of the other dogs (see dogs H5, H9 in table 1, and dogs 
H9, Hll and H12 in tables 1 and 3) adrenaline produced almost identical in- 
creases in blood sugar on each occasion. Even dog H7 gave two consistent fig- 
ures on repeated experiments (see tables 1 and 3). For these reasons we have 
considered the isolated figure of 27 mgm. per cent separately. 

Ldver glycogen content of hypophysectomized dogs — Determined by method 1. 
Having found a diminished hyperglycemic response to adrenaline in hypophj’^sec- 
tomized dogs the possibility suggested itself that this might have been due to the 
absence of adequate liver glycogen stores. Therefore it became essential to 
determine the amount of liver glycogen available in these dogs for mobilization 
by the infused adrenaline. Excision of liver samples before the infusion of 
adrenaline was deemed inadvisable due to its possible effect on the blood sugar 
curve; and it is obvious that a deteirnination made at the end of an adrenaline 
experiment would give no indication of the amount of liver glycogen available at 
the beginning of that experiment. Therefore the procedure finally adopted was, 
as described above, to excise liver samples a few days after the last of the adren- 
aline experiments, while the animals were maintained on a constant diet. In 
our opinion this gives an acceptable index of the liver glj^cogen present at the 
time of the infusion, if the body weight and the post-absorptive blood sugar level 
lemained practically constant during the interval between the adrenaline experi- 
ment and the excision of liver samples. 
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In the experiments on dogs H5, H6, H7, H8, and H9 (table 1) these conditions 
were fulfilled, and we believe that the glycogen values obtained are very close to 
those actuall}'’ present at the time of the adrenaline experiment, In the experi- 
ments on dogs HlO, Iil2 and H13 the post-absorptive blood sugar values at the 
time of the adrenaline experiment were much higher than they were at the time 
the liver samples were taken. Therefore it is most proloable that the liver gl 5 ''co- 
gen values were also much higher at the time of the adrenaline experiments than 
they were when determined. In dog Hll there was a decrease in body weight, 
and therefore the liver glycogen as determined is probably lower than that pres- 
ent at the time of the adrenaline infusion. Dogs HI, H2, H3 and H4 constituted 
an earlier series and no liver glycogen determinations were made on them, but 
they had relatively high post-absorptive blood sugar values and, in consideration 
of the glycogen values found in dogs HlO, Hll, H12 and H13 coexisting with 
much lower post-absorptive blood sugar values, it is probable that they too had 
ample liver gljmogen stores. 

Even disregarding the probability, that some of these animals had higher liver 
glycogen values at the time of the adrenaline experiment than they had at the 
time the determinations were made, it is obvious that at least H5, H6, H7 and 
H8 had liver glycogen values within the range of those found in normal dogs. In 
a series of normal dogs in the post-absorptive state we found glycogen values 
ranging from 2.9 to 7.0 per cent. As for the others, dogs H9, HlO, Hll, H12 and 
H13 had amounts of liver glycogen which were adequate to produce a hyper- 
glycemia far greater than that observed, had their liver glycogen been available. 
This point is clearly brought out by a study of the hyperglycemic response to 
adrenaline infusion in a series of fasted normal animals. 

Effect of adrenaline on blood sugar of fasted normal dogs. The blood sugar rises 
produced by the intravenous infusion of adrenaline (0.0035 mgm./kgm./min.) 
in a series of normal dogs fasted for periods varjdng from 8 to 13 days are shoum 
in table 2. In dogs Fl, F2, F3 and F4 the experiment was repeated. As in the 
normal and the hypophysectomized dogs, the blood sugar rise is apparent by the 
end of the infusion and reaches its maximum ufithin fifteen minutes from the start 
of the infusion. However, the blood sugar did not I’eturn to its pre-adrenaline 
level during the course of two and one-half hours. The maximum rise in blood 
sugar ranged from 27 to 37 mgm. per cent (average 31 mgm. per cent). The 
liver glycogen values of the fasted normal animals ranged from 0.7 to 1.3 per 
cent (average 1.0 per cent). 

The average rise of 31 mgm. per cent in the blood sugar values of these normal 
animals fasted 8 to 13 days is more than twice that observed in the hypophysec- 
tomized series in the post-absorptive state (13 mgm. per cent) despite the fact 
that the liver glycogen stores of the fasted normals were no higher than the lowest 
values found in our hypophysectomized dogs. In other words the lowest of the 
liver glycogen values found in our hypoph 3 ’-sectomized dogs was ample to have 
produced tmce the observed hyperglj’-cemia. 

Liver glycogen content of hypophysectomized dogs — Determined by method 2. As 
stated above, in all the h5q3oph3'-sectomized animals, liver samples were taken a 
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few da 3 ^s after the adrenaline experiment (method 1 — ^indirect). However, in 
dogs H7, H9, Hll and H12, follovang this excision of liver samples another adren- 

TABLE 2 

The effect of intravenously infused adrenaline on blood sugar of fasted normal dogs 
Rate of intravenous adrenaline infusion; 0.0035 mgm./kgm./min. for five minutes. No 


anesthetic given. 


DOG NUMBER 

PERIOD OP FASTING 

BLOOD SUGAR (itOM. PER CENT) 

Before adrenaline 

Maximum after 
adrenaline 

Increase 


days 




F 1 

8 

67 

94 

27 


10 

58 

94 

36 

F2 

8 

59 

, 87 

j 28 


10 

58 ' 

j 

93 

35 

1 

F3 

8 

63 

92 

29 , 


10 

66 

93 

1 

27 

F4 

8 

76 

113 

37 


13 

76 

112 

36 

F5 

10 

73 

105 

32 

F6 

8 

59 

86 

27 

Average 

31 



TABLE 3 

The effect of intravenously infused adrenaline on blood sugar and liver glycogen of 
hypophysectomized dogs. Liver glycogen determination by method 2 
Rate of intravenous adrenaline infusion: 0.0035 mgm./kgm./min. for five minutes.. All 
experiments started 18 hours after last feeding. No general anesthetic given. 


DOG 

NUMBER 

WEIGHT 

AT OPERA- 
1 TION 

DAYS AETER 
HYPOPHY- I 
SECTOMV 1 

WEIGHT AT 
EXPERIMENT 

BLOOD SUGAR (UGM, PER CENT) 

1 . ... 1 

LIVER GLYCOGEN 

1 Before adrenaline j 

Maximum 

after 

adrenaline 

Increase 

■ 

1 

Before 

adrenaline 

After 

adrenaline 


Before 

liver 

sample* 

After 

liver 

sample 


kgm. 


igm. 


! 



per cent 

per cent 

H7 

13.0 

27 

12.9 

52 

52 ! 

62 

10 

3.95 

\ 3.67 

H9 

17.0 

36 

17.6 

59 

72 

88 

16 

2.05 

1.40 

Hll 

23.8 

18 

21.6 

38 

40 

47 

7 

1 1.22 

0.84 

H 12 

13.9 

4.‘ . 

31 

14.8 

33 

32 

42 1 

10 

1 0.94 

1 0.79 


* Postabsorptive value. 


aline infusion was started. Fifteen minutes from the end of this infusion addi- 
tional liver samples were excised (method II— indirect plus direct). The results 
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of these experiments are shown in table 3. It mil be noted that dog H7 which 
had 3.95 per cent liver glycogen at the time of the adrenaline infusion showed a 
maximum blood sugar rise of only 10 mgm. per cent. Similarly, dogs H9, Hll 
and H12 had 2.05, 1.22 and 0.94 per cent liver glj''cogen and showed maximum 
blood sugar rises of 16, 7 and 10 mgm. per cent, respectiveljL Further it should 
be noted that, except in dog H9, excision of the first liver sample (before adren- 
aline) caused no rise in blood sugar. In dog H9 the blood sugar rose from 59 to 
72 mgm. per cent after excision of the first liver sample. This was due to manip- 
ulation of the liver and possibly to the effect of reflexl}'- secreted adrenaline. 
Obviouslj’’ this obscured somewhat the effect of the subsequently infused adren- 
aline. None the less the total blood sugar rise calculated from the post-absorp- 
tive level is still onlj’- 29 mgm. per cent, with a liver glycogen content of 2.05 
per cent. 

Effect of adrenaline on blood sugar of neurohypophysectomized dogs. Up to this 
point we have considered the diminished h 5 ^perglycemic response to adrenaline 
as a characteristic of the hj’’pophysectomized dog, but it is of interest to investi- 
gate the relative importance of the different parts of the lyqDophysis in the 
phenomenon. Geiling et al. (1927) have presented evidence that the absence 
of the posterior pituitaiy is the determining factor in insulin sensitivity, and it 
might therefore be expected to have a part in the adrenaline resistance which 
we are engaged in investigating. To elucidate the relative importance of the 
anterior and posterior pituitarj’’ in this phenomenon we repeated the adrenaline 
infusion experiments in a series of six dogs in which the anterior pituitaiy was 
left intact but the entire neurohypoph 3 '-sis was destro 3 ’-ed. Without exception 
these animals had normal post-absorptive blood sugar levels (93, 75, 87, 77, 75, 
86 mgm. per cent), withstood fasting for a period of eight da 3 ''S as w^ell as normal 
animals, and show^ed a response to insulin somewhat greater than that of normal 
dogs but by no means comparable to that of completely h 3 'pophysectomized dogs. 
When the same amount of adrenaline (0.0035 mgm./kgm./min. for 5 min.) was 
infused intravenous^’- their maximum blood sugar rises in milligrams per cent 
Avere: 61, 63, 50, 71, 49, 67 (average GO mgm. per cent). Their hyperglycemic 
response differed in no W’a 3 '- from that of the normal animals. Therefore the 
decrease in h 3 perglycemic response to adrenaline is due to the absence of the 
anterior pituitary and is unrelated to the posterior pituitar 3 L . 

Discussion. On the basis of our experiments it is clear that h3poph3’-sec- 
tomized dogs invariabb'- differ from normal dogs in that the 3 '- show only a slight 
h 3 pergl 3 ’-cemic response to intravenous^’' administered adrenaline whereas the 
normals alwa 3 '-s show a marked h 3 pergl 3 ’cemia. This diminished hypei’gbmemic 
response in h 3 poph 3 ’-sectomized dogs might be attributed either to a lack of 
adequate fiver gb’cogen stores, or if these can be proved to have been ample, to 
some interference with the mobilization of the g^mogen. Therefore, exact 
knowledge of the liver gbpogen content at the beginning of the adrenaline 
infusion is essential. 

The literature contains veiy few data concerning this point. Houssa 3 '- and 
di Benedetto (1932) working irith toads, and Fluch, Greiner and Loewi (1935) 
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working with isolated frog livers, determined the glycogen present at the time 
they demonstrated decreased glycogenolysis by adrenaline. Other workers who 
found smaller responses to adrenaline in hypophysectomized animals than in 
normals and attributed this to a defective glycogenolytic mechanism, either 
failed to do actual liver glycogen determinations, or did them under such condi- 
tions that they have no true significance. These previous workers have not done 
liver glycogen determinations in their adrenaline resistant animals at the time 
that they were adrenaline resistant. The mere fact of feeding glucose (Corkill 
et al., 1934) previous to an adrenaline experiment does not necessarily mean that 
adequate liver glycogen stores are present in hypophysectomized animals, since 
it is doubtful whether these animals are capable of storing glycogen even though 
they are absorbing sugar when there is marked atrophy of the adrenal cortex. 
Similarly, liver glycogen figures obtained on animals dying in insulin shock 
(Corkill et al., 1934) cannot be taken as any indication of the liver glycogen 
values present in other animals at the time of an adrenaline experiment, especially 
in consideration of the known glycogenopexic action of insulin. 

In view of the fundamental importance of determining the liver glycogen con- 
tent precisely, we adopted two methods of determination: a direct and an in- 
direct method. In the indirect method the determination of liver glycogen was 
made a few days after the last adrenaline experiment, but since in the interval 
these animals were on a constant diet, maintained constant body weight, and 
showed only negligible changes in their post-absorptive blood sugar levels, it is 
valid to assume that their liver glycogen content in the post-absorptive state 
at the time of the adrenaline experiment must have been practically the same 
as that found in the samples excised later. In the direct method the liver sam- 
ples were excised before the adrenaline was infused. The indirect method has 
the advantage that the blood sugar curve after the adrenaline is not exposed 
to the influence of opening the abdomen and taking the liver samples. The 
direct method has the advantage that the blood sugar and liver glycogen values 
are determined simultaneously; but it has the disadvantage that the blood sugar 
cuiA^e might be influenced by the operative procedure. As a matter of fact, with 
one exception it was not, as can be seen by a comparison of the figures in table 3. 

Using these methods we were able to show that our hypophysectomized dogs 
had amounts of liver glycogen which were adequate to have produced marked 
hyperglycemia had they been available. Some of these dogs had normal 
amounts of liver glycogen, and even those with the smallest amounts were within 
the range of the liver glycogen found in fasted normal animals which showed a 
far greater hyperglycemia after adrenaline. Further evidence that the amount 
of liver glycogen present was not the factor limiting the hyperglycemic response 
is seen in the fact that regardless of the fairly iride range in liver glycogen values 
found in our hj^pophysectomized dogs their hyperglycemic response to adrenaline 
bears absolutely no relation to their liver glycogen values. (This fairly wide 
ranp of liver glycogen figures is related to the stage to wliich the changes fol- 
lowing the hypophysectomy had progressed.) 

Thus, we are forced to conclude that there is definite impairment in the mobiliza- 
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tion of the glycogen in response to infused adrenaline in the absence of 
the hypophysis. Since animals in which the entire neurohypophysis is de- 
stroyed, lea^dng the anterior lobe intact, respond to adrenaline exactly as normals 
do, this impairment of liver glycogen mobilization is due to the absence of the an- 
terior pituitaiy. We believe that this conclusion is justified although some of 
our h3'-poph3'-sectomized animals had small remnants of anterior pituitary tissue. 
These sub-totall}'’ lypophysectomized animals behaved in every respect (response 
to insulin, to fasting; post-absorptive blood sugar level; tendenc}'’ to spontaneous 
h3'poglj'’cemic crises, etc.) like the completelj’’ hj'^pophj’-sectomized animals, and 
showed the same atrophic changes in their adrenal cortices, thja’oids, and gonads, 
and therefore maj'’ be considered functional^'' h5’'poph3’'sectomized. 

The mechanism for mobilization of liver glj'^cogen is impaired then in the ab- 
sence of the anterior pituitar3^ However it is not completely abolished since the 
liver gl5'cogen maj'- still be mobilized under certain circumstances. It is not 
fixed, as can be seen from the fact that in the hypogl5’'cemic state that precedes 
death in many hypoph3''sectomized animals the liver glycogen is very low. 

The liver glycogen might even have been mobilized b3’^ an amount of adren- 
aline larger than that which we infused. That is beside the point. It was our 
purpose to determine whether or not a difference could be detected between 
normal and hypoph3''sectomizcd dogs with respect to the availabilit3’’ of their 
liver gl3''cogen, and the dose of adrenaline which v'e used made a distinct differ- 
ence manifest. Actuall3’' the dose selected is probal^b'- close to that which the 
animal might secrete under conditions of stress, and hence the results have addi- 
tional interest in connection with the ph3’'siolog3'' of carboh3’-drate metabolism 
of the h3'poph3''sectomized animal. 

This work reveals that lypophysectomy impairs the mobilization of liver 
gl3''cogen, one of the body’s chief carboh3^drate stores, in response to adrenaline, 
one of the body’s chief carboh3''drate mobilizing agents. Therefore it ma3' be 
concluded that the anterior pituitar3''— either direct^'' or indirect^ through the 
mediation of other endocrine glands — ^pla3'^s as definite a role in the mobilization 
of carbolydrate as it does in the mobilization of protein and fat. 

SUMMARY 

1 . Adrenaline infused intravenousl3'' at the rate of 0.0035 mgm./kgm./min. 
for five minutes produces a marked hypergl3’'cemia in normal dogs. 

2 . Adrenaline infused intraA'enousl3'' at the rate of 0.0035 mgm./kgm./min. 
for five minutes produces onb"^ a slight h3''pergl3’'cemia in hypophysectomized 
dogs. 

3 . This failure of h3'poph5’'sectomized dogs to respond to adrenaline with a 
marked h3’'pergl3''cemia occurs despite the presence of ample liver glycogen stores. 

4 . Fasted normal dogs with much smaller liver gtycogen content respond to 
adrenaline vith a far greater h3’pergl3’'cemia than the h3’poph3'^sectomized. 

5 . Neuroh3Tpoph5'sectomized dogs, with intact anterior pituitary, respond to 
the hyperglycemic action of adrenaline exactb’’ as normal dogs do. 

6 . In the absence of the anterior pituitary the liver gl3’'cogen is less readily 
mobilized by adrenaline. 
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It is obvious that the volume to mass ratio of the body and consequently its 
buoyancy is changing throughout the respiratoiy cycle. Nevertheless, as far as 
we know, this fact has never been used as a means of recording respiration con- 
tinuously. The possibility that the continuous recording of changes in buoyancy 
might possess some advantages over the more commonly used methods of 
recording respiration was suggested to us by a paper by J. M. Turner (1938) on 
respiratory variations in the weight of a man submerged in water. 

The essential features of the recording system which we used are illustrated 
in figure 1. The dog, anesthetized mth morphine and urethane, is placed on 
his back on a light dog board suspended in a tank measuring 70 x 60 x 40 cm. 
The trachea is connected through a cannula to an enclosed inspiratory-e.xpiratory 
valve, from each side of which a rubber tube leads to a pipe attached to one 
side of the tank. These two pipes connect to a rebreathing tank provided with a 
Hutchinson spirometer. Arterial and venous cannulae are inserted, small blocks 
which may be cooled bj'- circulating alcohol are applied to the vagus nerves, the 
neck incision is tightly closed by sutures, and the animal’s nose and mouth are 
covered by a rubber membrane fastened lUth adhesive tape. The tank is then 
filled with isotonic saline to a level a few centimeters above the animal’s chest. 

Mounted above the tank is a short lever moving about a horizontal axis 
consisting of a steel rod supported on two ball bearing mountings. The dog 
board is suspended by four pieces of fish line from this lever close to the fulcrum. 
Changes in buoyancy of the animal as occur during the respiratory cycle will 
result in a rise or fall of the animal in the saline bath with a consequent move- 
ment of the lever about its axis. If these movements are at all great the re- 
sulting inertia will make it impossible accurately to record the rapid changes in 
buoyancy associated \Hth respiration. This difficulty is largely eliminated by 
a stiff flat steel spring which passes vertically through the center of the steel 
rod about which the lever moves. The tension provided by this spring keeps 
the movements of the lever and of the animal extremely small, making the sj’^stem 
essentially an isometric one. The tension of the spring and the point of attach- 
ment of the dog board to the lever are adjustable. The very slight movement 
of the lever which does occur is greatly magnified and recorded on smoked 
paper by a tambour system. An increase in buoyancy of the animal as occurs in 

^ Preliminary report: This Journal, Proc., 126: P593, 1939. 

^ These experiments were supported by a grant from the Rockefeller Foundation to Robert 
Gesell for studies on respiration. 
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inspiration will result in a rise of the end of the lever from which the dog board 
is suspended, the consequent fall of the other end of the lei^er depressing the 
receiving tambour and elevating the recording tambour. In the kjmiograph 
tracing upstroke represents inspiration, downstroke expiration. 

The advantage of this method of recording respiration over a spirometer 
tracing is that changes in the level of the tracing are due solely to changes in 
chest volume associated with changes in tonus of the respiratory muscles, whereas 
variations in the level of a spirometer tracing may result from either alterations 
in the tonus of the respiratory muscles or variations in oxygen consumption, 
and it is frequently difficult to distinguish between the two. We commonly 
recorded a spirometer tracing as well as our buoyancy record. This buoyancy 
method has the advantage over a chest liand tracing that changes in total vol- 
ume of the torso are recorded rather than variations in anj" one segment. 


FLAT steel spring 


ADJUSTABLE CLAMP 



-string supports for 

DOG BOARD 


Fig. 1 


The method has certain disadvantages also. If expiration is veiy sudden 
and forceful the writing point attached to the tambour tends to trai^el too far 
and may bounce one or more times. This is due in part to the flexiliility of the 
writing point and in part to agitation of the surface of the saline in the tank and 
it seemed impossible entirely to eliminate it. Unless the respiratory rate is 
very high this is not a serious defect as the writing point has time to come to 
rest at its true level before the next inspiration. With very rapid breathing 
this cannot occur and the record may be quite inaccurate. Ordinarily, however, 
a record is obtained which is indistinguishable from a perfect spirometer tracing 
except that its level does not vary with changes in oxygen consumption. 

It is true that the pressure of saline on the animal's chest maj" reflexl}" alter 
respiration, but this can largely be counteracted by weighting the spirometer. 
Oi-dinarily a water manometer was connected to the rebreathing tank and suffi- 
cient V eight added to the spirometer to produce a pressure within the animal’s 
lungs equal to the mean water pressure on the exterior of the chest. 

The following of changes in buoyancy as a method of recording respiration 
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has now lieen applied to a number of experimental procedures commonlj^ used 
in the study of various phases of respiratory physiologjL Figures 2 and 3 
illustrate the effects of some of these procedures upon respiration, as recorded 
by both the buo 3 '^ancy method and the spirometer. In each case the upper record 
is the buej'^ancj'' record, the lower one the spirometer tracing. In some of the 
figures an interrupted line is drawn lielow the buo 3 ^ancj'' record to make more 
obvious the changes in level of the tracing. 
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Vagal block. Although lilocking or cutting the ^'agi ordinarib'’ increases the 
amplitude of breathing this occurs in spite of a decrease in the extent of ex- 
piration. That is, after vagotom 3 ’^ the expiratoiy volume of the chest is con- 
siderabh’' greater than before, as cleai'b'^ shown in figure 2A b 3 '’ the rise in the 
level of the lower edge of the tracing. Apparentb'' the vagus normalbv is exerting 
some influence leading to a more complete expiration. This effect of vagotom 3 ' 
is invariabfv seen when, as described above, the .spirometer is weighted so as to 
equalize the pressure on the inside and outside of the chest. If however this is 
not done, so that the weight of the saline in the tank exerts an unopposed pressure 
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tending to collapse the lungs, then the effect of vagotomy is just the reverse of 
that stated above. There now results, as illustrated in figure 2B, a more complete 
expiration as shown by the drop in the level of the lower edge of the tracing. The 
inspiratory volume of the chest as represented by the upper edge of the tracing 
may actually be less than normal. 

These effects of vagotom}’’ are of particular interest at the present time in 
view of the concept of vagal function recently elaborated by Gesell and associates 
(Wor25niak and Gesell, 1939; Gesell, 1940; Gesell and Hamilton, 1941; Gesell and 
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h'loyer, 1942), according to which vagal activity leads to a strengthening of 
both inspiration and expiration, the expiratory effect ordinarily predominating. 
This is ill contrast to the older theories which regarded the vagus as purely in- 
hibitory in function, the increase in vagal impulses with each inspiration serving 
to cut short that inspiration. The increased amplitude of respiration in the 
i-agotoniized animal could be accounted for either by this theory or by Gesell’s 
view that the intact I'agus excites the inspiratory half-center leading to earlier 
functional exhaustion, and that the simultaneously excited e.xpiratory half- 
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center by a process of reciprocal inhibition brings the inspiratory discharge to a 
premature conclusion. (For a more detailed discussion consult Gesell and 
Hamilton, 1941.) But how can the less complete expiration of the vagotomized 
animal illustrated in figure 2A be explained bj'^ the Hering-Breuer theory? 
According to this theoiy if in the intact animal the vagal stretch receptors alone 
are being stimulated vagotomy should be without effect upon the e.xpiratory 
volume. If the collapse receptors also are active in bringing e.xpiration to a 
premature close then vagotom}'- should lead to a more complete rather than a 
less complete expiration. The observed less complete expiration of the vagoto- 
mized animal appears capable of explanation onl 3 '- in terms of GeselPs concept 
of the vagus as an excitatoiy rather than an inhibitoiy nerve, expiratoiy ex- 
citation ordinarilj’- predominating over inspiratoiy. 

When the pressure of the saline on the outside of the animal’s chest is unop- 
posed b 3 " a similar pressure within the lungs, as was the case in figure 2B, the chest 
is apparentl 3 '- sufficientl 3 '^ collapsed to abolish or markedl 3 ’^ diminish the excitation 
of the stretch receptors and to excite the collapse receptors. Under these con- 
ditions the vagal excitatoiy influence is exerted predominantl 3 '^ upon the inspira- 
tor 3 '- half-center leading to a high expiratoiy lung volume. Vagotom 3 ’- now leads 
to a lessened lung volume as seen in figure 2B. 

Saphenous nerve sliniulaiion. In a large numlier of observations involving 
stimulation of the central end of the saphenous nerve we have never failed to 
observe a decrease in e.xpiratoiy volume, that is, a more complete expiration. 
The inspiratoiy volume ma 3 " be augmented or, if the increase in frequenc 3 ’’ of 
respiration is veiy marked, the inspiratoiy volume ma 3 ^ be diminished. Three 
examples of such stimulation are shown in figure 2C and D. These results may 
be interpreted in agreement with Gesell and Hamilton (1941) as indicating a 
strengthening influence of such a nerve upon both inspiratoiy’- and expiratory 
activit 3 ''. 

Carbon dioxide. As is well known, the breathing of gaseous mixtures high 
in carbon dioxide ordinarihl’ produces a marked increase in the amplitude of 
respiration. Now if one examines the buo 3 ’^anc 3 '- tracings in figure 2E and F it 
is seen that this increase in respiratoiy amplitude is brought about not onb'- b 3 ’ 
a deeper inspiration but also, and to a very considerable extent b 3 '- a more power- 
ful expiration, as shown b 3 ^ the drop in level of the lower edge of the tracing. 
That carbon dioxide might markedb'- stimulate the expiratoiy half-center was 
indicated in the experiments of Sobin and Nicholson (1938) involving local appli- 
cation of carbon dioxide to the floor of the fourth ventricle and b 3 ^ the observation 
of Gesell and ]\Io 3 ’er (1941) that pneumothorax during h 3 ’percapnia frequentb’ 
caused a slowing instead of the usual acceleration of respiration, the slowing 
being accompanied b 3 ’- signs of increasing expiratoiy^ activit 3 ^. 

Sodnim carbonate. It was found that the apnea re.sulting from carbonate 
administration ma 3 ’ occur at or near the normal expiratoiy^ volume as seen in 
figure 2G, H and J or considerabb^ above it, that is, with the chest intermediate 
between the inspiratoiy^ and expiratory'- positions as in figure 2K and L, de- 
pending apparently^ upon the relative dominance of inspiratoiy' and expiratoiy"- 
activity'. 
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Low oxyQcn. The effects of low oxj'^geD admiRistrRtioD contrsst decidedly ith. 
those of carbon dioxide. The hj-perpnea of anoxia invariably is associated with 
an increase in inspiratory volume. The lung volume at the end of expiration 
may remain constant but usually rises markedly as seen in figure 3A and B rep- 
resenting observations upon the same two animals as 2E and F. That is, 
if an increase in respiratory amplitude is to occur it must occur entirelj’’ as a 
result of a deeper inspiration and in spite of a less complete emptying of the 
lungs on expiration. This failure to increase expiratory activity may in part 
account for the fact that the increase in respiratory amplitude produced by low 
oxygen is usually considerably less than that produced by carbon dioxide admin- 
istration. 

Cyanide. Since the respiratory stimulating effects of cyanide are, like those 
of low oxygen, due mainly to action at the peripheral chemoceptors, it might be 
expected that the effects of the two procedures would be similar. This ex- 
pectation is in large part realized if differences in the intensity of the stimulus 
in the two cases are taken into account. The hyperpnea of cyanide is invariably 
associated with an increase in inspirator 3 ’' volume. The expiratory level may 
remain constant as in figure 3E and the earljr part of figure 3D, or it may rise as 
in the early part of figure 3C. However, there not infrequentlj'- occurs marked 
augmentation of expiration, something never observed upon administration of 
low oxygen mixtures. This effect is illustrated in the latter parts of figure 3C and 
D. This increased expiratorj'- activity is most frequently seen in those obser- 
vations in which the hyperpnea is maximal, it usually occurs rather late — after 
increased inspiratory activity has been evident for some time — and often is most 
evident at a time when the hj'-perpnea is diminisliing or when signs of respiratory 
depression are appearing. All of these characteristics suggest that fatigue or 
even depression of the inspirator}’- mechanism following its extreme excitation 
may be responsible for the increased expiratory activity produced by cyanide 
but not by low oxygen. 

The effects of anoxia and cyanidemia here described agree mth the observation 
of Gesell and Hamilton (1941) that electrical stimulation of Hering’s nerve may 
increase both inspiratory and expiratory activity, but that the inspiratory 
excitation predominates. 

Hemorrhage. The hyperpnea of hemorrhage is invariably associated -with 
a decrease in the extent of expiration, as shown by the increase in the buoyancy 
of the animal in figure 3F. Reinjection of blood, saline, or even distilled water 
reverses this effect. This result of hemorrhage may be due simply to the decrease 
in the volume of the thoracic and abdominal contents leaving more room in the 
chest for air. 


SUMMA.RY 

A method of recording respiration by continuous determinations of the buoy- 
ancy of an animal submerged in water is described and its advantages and lim- 
itations discussed. 

Results of the application of this method to various procedures commonly 
used in the study of respiration are described. 
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Vagotomy is followed by an increase in inspiratory volume of the lungs but a 
decrease in the extent of expiration, indicating that the vagus previously had 
been exerting a predominantly expiratory augmenting influence. If the pressure 
of the liquid in the tank upon the animal’s chest is not compensated, thus re- 
sulting in excitation of the pulmonary collapse receptors and removal of excita- 
tion from the stretch receptors, the above effects of vagotomy are reversed, the 
extent of expiration now being increased, indicating that under these conditions 
the intact vagus exerts a predominantly inspiratory augmenting influence. 

Stimulation of the saphenous nerve increases both inspirator}’’ and expiratory 
activity. 

Carbon dioxide administration causes both a deeper inspiration and a more 
complete expiration. 

Sodium carbonate apnea ma}’’ occur at the normal expiratoiy volume or above 
it depending upon the relative dominance of inspii’atory or expiratory activity. 

Low ox3’^gen administration results in an augmentation of inspiration but a 
less complete emptjdng of the lungs on expiration. Cyanide acts similarl}’’, 
except that in cases where the hyperpnea is extreme there may be a second phase 
of expiratory augmentation, due probably to inspiratory fatigue. 

Hemorrhage results in an increased expiratory lung volume possibly due simply 
to the decrease in volume of thoracic and abdominal contents. 
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A number of investigations have been made concerning the effects of gonado- 
tropic substances on pregnancy. Antuitrin-S injected during the first half of 
the gestation period usually resulted in the birth of normal fetuses at term in 
rats and rabbits (1, 2). Prolonged gestation and postmature fetuses were 
obtained by the administration of crude anterior pituitary and urine extracts 
(3-6) and Antuitrin-S (7-12) in late pregnancy, but more recent work on rats 
vith Antuitrin-S (13) and human pregnancy serum (14) did not substantiate 
these results. This report is the result of a more intensive and extensive studj'- 
of the effects produced on the fetuses by injections of Antuitrin-S into pregnant 
rats and rabbits. 

Methods. Eighty-six rats and 16 rabbits were used in this studjn The 
methods employed -with rats were the same as those discussed in an earlier 
paper (13) and need not be repeated here. The rabbits were mated in the earlj^ 
morning of the first day of gestation (the gestation period being 32 days). The 
condition of the fetuses was ascertained by autopsy, laparotomy, or by their 
appearance at birth. 

Results. Rats. Fifteen animals were injected vith 40-100 R. U. of An- 
tuitrin-S on the 5th-19th daj'- of gestation. At autops}' on the 15th, 17th, 
18th, 19th or 20th day, 112 fetuses were recovered. Seventy-four and one-tenth 
per cent of these were living and 25.9 per cent were dead. 

Seventy-one animals were injected nnth 40-200 R. U. on the 14th, 15th, 16th, 
17th, 18th, 19th, 20th or 21st day of pregnancy. Six hundred and twenty- 
three fetuses were obtained from these animals. One hundred and thirteen 
were bom prematurely; 98.3 per cent of these being dead and 1.7 per cent alive. 
Three hundred and twenty-eight fetuses were born at term — 53.1 per cent were 
dead and 46.9 per cent alive. Those born past term numbered 33-51.6 per cent 
were dead and 48.4 per cent alive. The condition of 149 fetuses— 68 before term, 
66 at term and 15 past term — was obtained at autopsy or by exploratory^ lapa- 
rotomy on the 18th, 19th, 20th, 21st, 22nd, 24th or 26th day. Of those examined 
before term, 17.6 per cent were dead in utero and 82.4 per cent were alive; 47.0 
per cent of those examined at term were dead and 53.0 per cent alive; those 
examined past term were all dead. Of the total number of fetuses (623), 
16.8 per cent weie viable and 83.2 per cent non-viable. Three hundred and one 
of the fetuses were from animals injected on the 18th day and of this number 
only 3 .6 per cent were viable. It is evident that the fetuses were most adversely 
affected when the injections were made on the 18th day. It may be said 
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generally that two factors were paramount#,in determing the viability or non- 
^^ability of the fetuses — dosage and time of injection. The smaller doses 
(50-75 R. U.) usually resulted in birth occurring prematurely or at term and 
the larger doses (100-200 R. U.) in postponed and prolonged parturition. 
With the exception of one possible case the fetuses showed no signs of post- 
maturity. 

Rabbits. Sixteen rabbits were injected intravenouslj’' vdth 40 R. U. of An- 
tuitrin-S per Idlogram of body weight on the 23rd, 24th, 25th, 26th or 27th 
das'- of pregnancsn Eighty-one fetuses were obtained from this group. In no 
case did parturition occur prematurely or at term and in 2 cases it occurred 
past term. One animal resorbed her jmung and in one case one fetus was 
retained in utero 81 daj'-s (49 daj'-s past term). Living fetuses were born to 
1 animal on the 33rd day. The condition of the remainder of the fetuses ascer- 
tained by autopsy was as follows: 15 fetuses, 13.3 per cent dead and 86.7 per 
cent alive, at term; 15 fetuses, 60.0 per cent dead and 40 per cent alive, before 
term; and 45 fetuses, 84.4 per cent dead and 15.6 per cent alive, past tenn. 

The ovaries of practically all rats and rabbits injected with Antuitrin-S were 
enlarged and contained induced corpora lutea in various stages of develop- 
ment; large luteal cysts, some of which were hemorrhagic, were not uncommon. 
In several instances very large follicles were present, most of these being cj’-stic 
and atretic and an occasional one hemorrhagic. 

Discussion. A review of the literature revealed that the reported prolonga- 
tion of pregnancy obtained bj^ the injection of progestin, human pregnancy 
urine, and anterior pituitary extracts is usually attributed to the secretion of the 
corpora lutea administered as an extract or secreted by the corpora lutea in- 
duced in the ovaries of the experimental animals. It is significant that in this 
study 48.7 per cent of the rats and 43.8 per cent of the rabbits injected in late 
pregnancy had induced corpora lutea in the ovaries but these were unable to 
maintain viable fetuses past term. 

Since there was a high mortality rate of fetuses in utero before or at term and 
a low incidence of living, postmature fetuses, it appears that Antuitrin-S acted 
as an abortient rather than an agent prolonging gestation. Histological studies 
of the placentae and uteri of animals bearing dead fetuses in utero revealed, in 
most cases, hemostasis, infarct formation and necrosis. It was evident that 
the blood supply through the placenta had been decreased, and it is possible 
that this, plus excessive uterine pressure, were factors involved in causing the 
death of the fetuses in utero. This latter factor is partiall}'- supported by the 
fact that some fetuses were compressed at birth. 

SUMMARY 

Var 3 nng amounts of Antuitrin-S injected into pregnant rats and rabbits in 
late pregnane^’- usuallj’- resulted in death of the fetuses in utero or soon after 
parturition and rarely in postponed and prolonged parturition. The ovaries 
usuallj' contained induced corpora lutea but these evidentty did not reach a 
threshold level of secretion. 
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The embrj' onic heart iDeats for several hours before it brings about the circu- 
lation of the blood. During this interval there is an elaboration of the contrac- 
tile activity which results in a coordinated functioning organ. Since the various 
steps and phases of this development make their appearance more or less inde- 
pendently the}'’ can be studied separately or in a simplified form. The purpose 
of this paper is to describe this activity of the earl}’- embryonic heart and to pre- 
sent some conclusions which are significant for the interpretation of adult cardiac 
function. 

The literature of historical interest and the recent experimental work dealing 
with the early development of the heart have been reviewed by Patten and 
Kramer (10). References to the literature of more immediate application Mil 
be made in the discussion. 

Methods. The observations were made on the hearts of rat embryos in tissue 
cultures. Whole embryonic vesicles were explanted, however, instead of frag- 
ments of tissue (5). Although the conditions inside the uterus could only be ap- 
proximated by this technique the results show that the embryos were mounted in 
a reasonably favorable environment. The temperature was maintained at 
38±1°C. and mechanical agitation cut to a minimum by keeping the cultures in 
an incubator built especially to house the microscope which was used for ob- 
servations. A mixture of 80 per cent oxygen and 20 per cent air was introduced 
into the moist chambers because it was found that it stabilized the contraction 
and prolonged the activity. The embryos remained in vigorous condition and 
continued their morphological development for 18 to 24 hours and the hearts 
contracted for 3 to 4 days without change of medium. 

The litters of 53 rats with a total of 527 embryos were used. Of these 292 were 
successfully installed in cultures. The heart rate was counted on 138 embryos 
and cinematographic records were made of 48. Preserved embryos were used 
for reference and for checks of the age of embryos and number of somites. The 
fixed material included serial sections of at least 15 embryos for each number of 
somites between 2 and 9. 

For the morpholog}’- of the heart of the rat embryo at various stages the reader 
is referred to the excellent stereoscopic pictures of Burlingame and Long (1). 
Although a considerable variation between the degree of development of the 
heart and the number of somites has been given by most investigators of the 
subject (including Goss) (5), in this paper a definite relationship between heart 
and somites will be maintained. Our reason for doing this is that a close cor- 
respondence was found in serial sections of fixed embryos where the number of 
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somites could be counted accurately, and we suggest that experimental error may 
enter into the counting of somites of whole embiyos either fixed or alive. 

The age of the embryos will be given in somites, therefore, as the most satis- 
factory unit for measurement of developmental time. The statistical evidence 
indicates that the formation of each of the first nine somites requires 2 to 3 hours 
of intrauterine life. Although contraction of the heart continued apparently 
unabated in many of the cultures, the development of morphological units such 
as the somites was definitel}’' retarded. By comparing embryos of different ages 
immediately after removal from the uteras with embryos which had been in cul- 
tures for varying periods of time, it was found that developmental processes took 
roughly twice as long in culture as in the uterus. 

Results. Initiation of contraction occurred in emliryos with three somites or 
approximately 9 days and 14 hours old. The heart at this stage is composed of 
two lateral rudiments separated from each other by the anterior -intestinal portal 
(5). The first visible activity was the feeble twitching of a few cells in the 
myocardial mantle of one heart (the left) just to the ventricular side of the atrio- 
ventricular junction. The endocardium in this region had formed a tube about 
the size of an adult capillary. These first contractions had a regular rhythm and 
a surprisingly constant rate of between 34 and 42 beats per minute (table 1). 

The beginning of contraction in the heart rudiments of the other (the right) 
side was seen about two hours later. It commenced in the ventricle near the 
atrio-ventricular junction, was regular but somewhat slower than the left and 
completely independent of it. Both heart rudiments continued to contract in- 
dependently for 2 or 3 hours or through the period when the embiyo had four 
somites. The acthdty spread in the splanchnic mesoderm, the la5’’er from which 
the myocardium is formed, until the two lateral hearts became distinct tubular 
structures. During each beat the contraction spread as a “peristaltoid” wave 
(10) from the venous or atrio-ventricular end toward the arterial end. Each 
heart had its oivn characteristics. The left was more curved and saccular, the 
right more narrow and straight. The left had a more rapid rate and contracted 
with a snap. The right was slower and the peristaltoid wave appeared to give a 
more powerful squeeze. These differences have been exaggerated experimentally 
by making the two rudiments continue their development as independent organs 
instead of allowing them to become incorporated in the normal single ven- 
tricle (4). 

Although the contractile layer of each lateral heart was idsible as a distinct 
fold, its continuity with a larger sheet, the splanchnic mesoderm, was cle&rly 
demonstrable also. The latter, as the ventral wall of the cleftlike pericardial 
caidty, arched around the cephalic end of the embryo linking the heart primordia 
of the two sides into a single structure with the shape of the letter U. As the 
lateral hearts developed they increased in size by incorporating more and more 
of this intervening sheet in their contractions. Finally the contractions involved 
the layer up to and across the median plane to establish a single saccular ventricle 
which extended over the foregut. This occurred at about the time the embryo 
formed the fifth somite. 
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The entire heart contracted as a unit once the junction was accomplished. 
The contraction wave began at the atrio-ventricular junction of the left side and 
spread in a peristaltoid wave to the junction of the right side. It did not travel 
from venous to arterial opening as one might expect or as it did in the lateral 
hearts before their union. 

The myocardium developed until it almost completely surrounded the endo- 
cardium to form a single squat tubular ventricle during the period when the 
embryo had 6 somites. The shape of the heart was such, however, that the 
right and left atrio-ventricular regions were not as widely separated as before and 
the contraction wave appeared to travel from the venous to the arterial end of the 
tube rather than from side to side as in the preceding stage. The pace making 
activity of the left side became less stable and not infrequently the right side set 
the pace. 

When the atrium began contracting there was no structural evidence that a 
new center had appeared. Its presence was not appreciated, therefore, in direct 
observations with the microscope. The earliest activity was discovered in slow- 
motion cinematographs. A small group of cells just on the atrial side of the 
atrio-ventricular junction contracted at a definite interval, measured 0.1 to 0.2 
second on slow motion pictures, before the rest of the heart. Direct somite 
counts were not entirely satisfactory but they indicated that this took place 
toward the end of the 6 somite stage. The atrium was recognizable morpho- 
logically and the pause distinguishable Avithout the aid of cinematographs in 
most 7 somite embryos. Once the atrium became active it was pace-maker for 
the whole heart. Occasional short periods of intermittency were observed but it 
is not known whether these were the manifestation of unstable activity or the 
result of injury. The ventricle at this time had acquired a partial S curvature. 
Its contraction gave a vigorous squeeze which completely closed the lumen of 
the endocardium and appeared more 'competent to propel the blood in circu- 
lation. 

The bilaterality of the early heart was again evident at the time of initiation of 
contraction in the atrium. It would be more accurate to speak of two atria but 
we hesitate to call them right and left atria because they are not the direct fore- 
runners of those chambers in the adult. The slight constrictions of the heart 
tubes which we have designated the atrio-ventricular junctions were still in evi- 
dence as limiting boundaries between the ventricle and the venous tubes which 
diverged abruptly at the anterior intestinal portal to run laterally toward the 
^mlk sac. In the majorit 3 ’’ of cases the atrial region of the left side was the pace- 
maker for the whole heart, and although such activity was seen on the right side, 
it seems likelj" that the left side is the normal pacemaker in the earlj’- atrium. In 
certain embiyos which had apparent^ been injured the atrial rudiments acted as 
independent centers, setting the pace for portions of the ventricle on their onm 
sides. In one of the cases of double heart which developed after suppression of 
the median region of the embiyo (an expei’iment performed later than those re- 
ported bj' Goss (4)) each of the widelj'- separated hearts had a structural!}’’ dis- 
tinct atrium which set the rhythm for its own ventricle. 



PHYSIOLOGY OP HEART BEPORE CIRCULATION BEGINS 


149 


Circulation of the blood began in embryos iiith 8 somites. Prior to this there 
had been backward and forward motion of blood cells in the jmlk sac vessels or of 
the occasional free cells seen in the aorta and heart. As the time for circulation 
approached, the cells in the vitelline veins moved a little farther toward the heart 
than they did back again. Finally a complete circuit was established in the 
endothelial tubes and blood cells progressed haltingly into the heart. At first 
there were only a few cells in the circulating fluid, but the number increased 
rapidly as more were washed out of the yolk sac capillaries. The atrium had ac- 
quired distinct morphological outlines at this time but its physiological signi- 
ficance was confined to its power as pacemaker, since it appeared to contribute 
nothing to the mechanical pumping. The period of time between the initia- 
tion of contraction and the beginning of circulation is from 12 to 15 hours. 


TABLE 1 


NUilBER OF 
soinxES 

REMARKS 

NUMBER OF 
CASES 

average 

RATE 

RANGE OF 
RATES 

S.D. 

i 

3 

Left heart (initiation 

13 

38 

per min. 

34-43 

2.9 

3 

of contraction) 

Right heart (first con- 

4 

31 

30-32 

1 

1 

4 

traction*) 

Left heart 

i 

11 ^ 

47 

38-59 

5.6 

4 

Right heart 

4 

42 

31-53 


4 

Ventricle single 

15 

46 

37-52 

4.5 

5 

Ventricle 

24 

53 

43-63 

4.8 

6 

Ventricle 

21 

67 

60-78 I 

5 

6 

Beginning atrium 

4 

69 

64-71 

3 

7 

Atrium pacing 

12 

74 

66-80 

4.1 

8 

Atrium pacing 

11 

87 

74-99 

5.7 

8 

Beginning circulation 

4 

79 

64-92 

12 


* This means first contractions observed on right side, not first contractions in the 
embryo. 


The data on contraction rates summarized in table 1 were selected as the most 
reliable and significant. Those eliminated were principally the records of em- 
brj''os which showed signs of injury or abnormality. Some inaccurate counts 
may have been included but it seemed desirable to retain as large a number as 
possible. The averages agree reasonably well uith the most vigorous and care- 
fully observed individuals, those which would be chosen as typical cases. The 
gi-eatest error was due to the difficulty in counting the somites. It was made 
more accurate in the later e.xperiments by carefully checking the number of 
somites udth the morphological development of the rest of the embryo, particu- 
larly the heart and forebrain. The typical stages of the latter were established 
by wax plate reconstructions of fixed serial sectioned embrjms. Nearly all of the 
counts n ere made -ttithin three hours of removal from the uterus and many of 
them represent averages of two or more counts made at 15 to 30 minute intervals. 

The increase in heart rate during development is a gradual one and is not 
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marked by the jumps which are suggested by the average values in the table. 
By a coincidence the rate per minute is approximately ten times the number of 
somites up through eight and a useful representation would be, for example, 4 
somites, 40 to 50; 5 somites, 50 to 60; and so on. There is an obvious overlap- 
ping of rates from one somite age to then extand the data are not, therefore, sta- 
tistically significant except as they show the trend. The standard deviations are 
included because they give information on the scattering of values. 

Discussion. Spontaneous conti’actions occur when the heart is still rudi- 
mentary. They have a regular rhythm in Amblystoma (2) and in the rat (5) but 
there is a disagreement concerning this point in the chick. They are regular 
according to Sabin (11) and Johnstone (8) but Patten and Kramer (10) using a 
cinematographic recording method found that irregular thatchings preceded the 
regular contractions. All these authors agree that the ventricle contracts first ; in 
fact, the heart is composed entirel}’’ of ventricle at this stage. Copenhaver (2) 
proved conclusively that the ventricle initiates the contraction by first marking 
the contractile cells with a vital dye and then later identif 3 dng them in the 
ventricular wall after the heart had developed for several da 5 ’’S. 

Contraction of the two primitive lateral hearts seems to be peculiar to mam- 
malian embiyos and is an indication of the precocious development of the vascu- 
lar system in this class. The first contractions in the chick (10) and in Ambly- 
stoma (2) occur in the single median ventricle. The contracting lateral hearts 
are more vadely separated in the rabbit than in the rat (3), and thej'^ remain apart 
longer, even after the atria have developed. The early morphological differences 
between the two lateral hearts reported in mammals other than the rat and the 
constancy of physiological differences found in living embryos (3, 5) show that an 
asymmetiy in the heart is established at a veiy earlj’' period. 

The left heart was given above as the site of initiation of contraction although 
contractions were occasionally seen on the right side first. The latter were ob- 
served only in embrims in which the left heart never contracted, apparent^’' be- 
cause of injury (5). Initiation of contraction on the right side has not been 
ruled out as a possibilit}'’, therefore. The right side of the single ventricle has 
been given as the position of first contractions in the chick (10) but neither side 
was found to predominate in Amblj^stoma (2) . 

A progressive wave of contraction, called peristaltoid bj"" Patten (10), is 
characteristic of the heart muscle almost from the first. It travels from venous 
to arterial ends of the lateral hearts, from left to right in the single ventricle in 
its saccular stage and from atrial to aortic ends of the S shaped tube at the be- 
ginning of circulation. This wave, obliterating the endocardial lumen as it 
progresses, operates very effectivel}’’ in the absence of valves to propel the blood 
out of the earl}'- heart. 

' Two of the most important factors in coordinating the chambers of the heart 
seem to be inherent in the mjmcardium itself. These are first, the pause between 
the atrium and ventricle, and second, the ability of one chamber to inhibit the 
spontaneous activity of a neighboring chamber. In its earliest stages the 
atrium was recognized as a center of activity b 5 ’^ the jiause between its contraction 
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and that of the ventricle. The atrio-ventricular interval became somewhat 
longer during the period of development under observation but it approximated 
the adult value. At this stage the contractile cells of the atrium are in close 
contact with those of the ventricle. Intervening tissue which might act either 
as an insulating medium or conduction system has not been identified (10). 
Copenhaver (2) and Patten and Kramer (10) do not mention the interval and 
they apparently used morphological appearance alone for identification of the 
early atrium. 

Although the ventricle has the power to originate its own rhythm in the early 
stages, once the atrium becomes pacemaker it seems to have the power to in- 
hibit the spontaneity of the ventricle. In our experiments heart block was 
frequently seen in embryos which had been in culture for many hours but it was 
a partial, not a complete block. In still older cultures the contraction was 
intermittent but the ventricle did not become independent of the atrium unless 
a mechanical injuiy separated the two chambers. A cut or a ligature, of course, 
does allow the ventricle to revert to a spontaneous rhythm at its own intrinsic 
rate (2, 10, 8). The ability to be inhibited would seem to be a fundamental 
property of all the chambers of the heart if we consider the action the same in 
the inhibition of the ventricle by the atrium, the atrium by the sinus and the 
sinus by the vagus nerve. 

Copenhaver (2) has shown by his very careful and complete experiments with- 
Amblystoma embryos that the chambers of the heart begin contracting at their 
own intrinsic rates. Our observations are confirmatory as far as we have been 
able to carry them. The contraction rate of the whole heart in rat embryos 
increases gradually, that is, there is no sudden jump when the atrium becomes 
active. When the rate reaches a value of approximately 69 (table 1) the atrium 
takes over the pace-making function. Rates above this value in ventricle alone 
were rarely seen. The lowest rate recorded for the atrium was 53 per minute, 
but this low value was seen onlj^ in embryos which had been in cultures for more 
than six hours. A few preliminary observations indicate that the sinus activitj’' 
begins at a rate above 120. It will be necessary to perform experiments similar 
to Copenhaver’s of cutting the ventricle from the atrium in older embryos in 
order to determine the intrinsic rates precisely. Preliminary values may be 
given, however; for the ventricle between 40 and 70 and for the atrium between 
70 and 120. The latter may seem to be a wide range and a high value but it 
must be recalled that the average rate for an adult rat is 458 per minute (7). 

Phj^siological activity precedes structural differentiation in both the ventricle 
and the atrium. This applies to the morphological development as well as to 
the cytological differentiation. In both chambers, the cells which contract first 
are not marked off from the rest of the splanchnic mesoderm in that region except 
by their topographical position in relation to the future atrio-ventficular junc- 
tion. The C 3 'tological differentiation of fibrillae with cross striations appears 
after the muscle cells have been contracting for several hours and the circulation 
is established (6, 2) . The early hearts were fixed according to the method recom- 
mended by Lewis (9) while thei^ were contracting and the effect watched under 
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the microscope. These findings make it difficult to accept theories of muscular 
contraction which are based on the presence of specialized cytological structures 
such as cross striations. 

The beginning of circulation marks the climax of a concerted development on 
the part of the embr}^. The heart has developed into an adequate pumping 
mechanism, the endothelium has established a complete circuit of hollow tubes 
and the cells in the blood islands have elaborated hemoglobin to a point where 
they are effective carriers of oxygen. Although the establishment of the com- 
plete circuit seems to take place rather abruptly, the effect of the beating heart 
can be seen before this time by the backAvard and forward motion of occasional 
cells in the lumen of the heart or vessels. It is probable that this produces a 
kind of seeping circulation which serves to move the fluids and improve the 
exchange of materials both within the embryo and between the embryo and the 
maternal reservoirs of blood surrounding the yolk sac and membranes. 

CONCLUSIONS 

The following points concerning the fundamental or intrinsic powers of the 
myocardium have been made in our observation of early embryonic hearts: 
First, the power of spontaneous rhythmical contraction is possessed by each of 
the chambers and they have their own intrinsic rates. Second, the contraction 
of the myocardium progresses by a Avave from one end of the chamber to the 
other. Third, the atrio-A'^entricular interAml Avhich makes coordination' of the 
whole heart possible appears along Avith atrial contraction itself. Fourth, the 
spontaneous rhythm of the ventricle is inhibited by the atrium. Fifth, mechani- 
cal Avork, pumping the blood, begins after the preparatory deA^elopment outlined 
above. 


REFERENCES 

(1) Burlingame, P. L. and J. A. Long. TJniv. of Cal. Publications in Zoology 43 : 249, 

1939. 

(2) CoPENHAVER, W. M. J. Expcr. Zool. 80: 193, 1939. 

(3) Dwinnell, L. a. Proc. Soc. Exper. Biol, and Med. 42: 264, 1939. 

(4) Goss, C. M. J. Exper. Zool. 72: 33, 1935. 

(5) Goss, C. M. Anat. Rec. 70: 505, 1938. 

(6) Goss, C. M. Anat. Rec. 76: 19, 1940. 

(7) Hamilton, J. B., M. Dresbach and R. S. Hamilton. This Journal 118: 71, 1936. 

(8) Johnstone, P. N. Johns Hopkins Hosp. Bull. 36: 299, 1925. 

(9) Lewis, M. R. Johns Hopkins Hosp. Bull. 30: 176, 1919. 

(10) Patten, B. M. and T. C. Kramer. Am. J. Anat. 63 : 349, 1933. 

(11) Sabin, F. R. Contrib. to Embryol. 9 : 213, 1920. 



THE EFFECT OF HYDHOCHLORIC ACID ON THE PYLORIC 

SPHINCTER, THE ADJACENT PORTIONS OF THE DIGESTI^^E 

TRACT AND ON THE PROCESS OF GASTRIC EVACUATION^ 

J. P. QUIGLEY, M. R. READ, K. H. RADZOW, I. MESCHAN and 
’ J. M. YTIRLE 

From the Department of Physiology, Western Reserve University Medical School, Cleveland, 

Ohio 

Received for publication April 30, 1942 

Despite numerous attempts to determine the influence of hydrochloric acid on 
the motor activity of the pyloric sphincter and the immediately adjacent por- 
tions of the gut and on the process of gastric evacuation, uniformity of opinion 
has not been attained. The literature in this field has been rerdewed especially 
by Cannon (1), Babkin (2), Alvarez (3) and Van Liere and Sleeth (4). 

According to a popular concept, gastric evacuation is chiefl 5 '’ controlled bj’' 
pyloric sphincter activity and this in turn is largely regulated by HCl; acid in 
the stomach causing sphincter relaxation and gastric evacuation; acid in the 
duodenum delaying emptying by producing pyloric spasm. The theory has 
repeatedly been questioned, but the investigations favoring or opposing it largely 
involved studies supplying onlj'’ indirect information regarding sphincter activity; 
chiefly fluoroscopic observations or the measurement of volumes of material 
expelled from a duodenal fistula or recovered from the stomach. A direct 
method of studying sphincter and antral activity was employed by Thomas, 
Crider and Mogan (5) and led them to conclude that acid in the duodenum 
caused a pjdorospasm followed by inhibition of the sphincter and antrum. 

This problem has not been investigated in the normal trained dog by the 
multiple balloon method and the fluoroscopic-optical manometer technic, despite 
the fact that these methods appear particularly adaptable to the problem. We 
have therefore undertaken this type of investigation. 

Balloon studies, such as we have emplo^md in this study, permit direct observa- 
tions of the motor activity of the entire pyloric sphincter region. The investiga- 
tion was also designed so definite volumes of acid in knovm concentrations came 
directly into contact ndth the portion of the gut whose susceptibility was to be 
tested. Since in fasting animals, the acid would encounter no food and little 
secretion, the rate of adsorption or neutralization should be moderate. An 
additional reason for employing fasting animals for many of the experiments is 
dependent on the fact that previous studies have shovm the motility of the 
pyloric sphincter region prevailing during fasting is particularly susceptible to 
modification by experimental procedures. 

Seven dogs provided with cannulae affording access to the stomach and 
duodenum and trained to co-operate with the experimental procedures were em- 
ployed. While comfortably resting on mattresses, three tandem balloons were 

» Tills investigation was aided by a research grant from the Ella Sachs Plotz Foundation. 
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introduced by the method of Meschan and Quigley (6) to lie in the pyloric 
sphincter and immediately adjacent to it in the antrum and bulb. A fourth 
balloon was placed in the mid-duodenum. Employing basal pressures of 2 cm. 
of water in the systems, records were made from water manometers. The 
experiments were started 18 hours post-cibum. The test solutions at body tem- 
perature were administered on each occasion over an interval of two minutes, 
while vigorous, uniform motility was in progress in all four regions. 

Acid in the stomach. Hydrochloric acid was introduced into the pyloric 
antrum by a tube opening 4 cm. proximal to the sphincter. We have found that 
substances so given rapidl 5 >’ bathe the entire antrum and usually enter the 
duodenum after an interval of 4 to 6 minutes. Administration of 10 cc. quanti- 
ties of 0.2 per cent HCl on ten occasions produced no modification in motility 
of the spluncter region or mid-duodenum on eight trials, but was followed by a 
slight augmentation in tonus limited to the antrum on the two remaining trials. 
Administration of 5 cc. quantities of 0.4 per cent HCl in eighteen experiments 
produced no modification on sixteen occasions, but in two trials resulted in a 
slight rise in tone of the antrum, sphincter and bulb; 10 cc. quantities of 
0.4 per cent HCl used in eight experiments produced no effect on five occasions 
and slightly augmented the tonus of the antrum and sphincter in three cases. 
The results of these 34 experiments justify the conclusion that under the condi- 
tions here employed, hydrochloric acid in the antrum certainly does not relax 
the pyloric sphincter and usually was without any effect on the sphincter region. 

Acid in the duodenum. In a manner similar to that described above, injections 
into the duodenum were made through a tube terminating in the first portion of 
the lower third of the duodenum. The sole effect from the introduction of 
10 cc. quantities of 0.2 per cent HCl in eight experiments was a depression of the 
motility and tone of the antrum, sphincter and bulb. A preliminary period of 
stimulation did not obtain. The latent period averaged 1.5 minutes in the 
antrum, two minutes in the sphincter and four minutes in the bulb. The 
inhibition persisted for an average of 6 minutes in the antrum, 3 minutes in the 
sphincter and two minutes in the bulb. The record from the mid-duodenum, 
just proximal to the site of acid injection showed a moderately augmented tone 
and motility during the last minute of the acid administration period and subse- 
quently a two minute period of inhibition. 

An attempt to simulate the manner in which h 3 '^drochloric acid might enter 
the duodenum under physiological conditions was made on five occasions. 
Hydrochloric acid in 2 to 3 cc. quantities of 0.2 per cent HCl was repeatedly 
introduced into the distal duodenum at 3 to 5 minute intervals. Each injection 
of acid produced a moderate depression of the antrum and sphincter, but mo- 
tility in the bulb and mid-duodemun usually were unaltered. A much more 
profound inhibition of the entire sphincter region followed the administration 
of similar volumes of oleic acid (fig. 2). 

The results obtained from the introduction of 10 cc. quantities of 0.4 per cent 
HCl into the distal duodenum (11 expts.) were similar to but more marked than 
those described above from the same volume of 0.2 per cent HCl. The inhibi- 
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tion developed in the antrum, sphincter and bulb in 2, 3 and 4 minutes and 
persisted in these regions for 11, 8 and 4 minutes respectively (fig. 1). A 



Kg. 1. Tandem balloon— water manometer record — taken 18 hours post cibum. At A, 
administered 10 cc. 0.4 per cent hydrochloric acid into the distal duodenum. 

Pig. 2. Tandem balloon — water manometer record — taken 18 hours post cibum. In- 
jected into distal duodenum at A, 5 cc. 0.2 per cent HCl; at B, 3 cc. 0.2 per cent HCl; at 
C, 2 cc. 5 per cent oleic acid; at D, 3 cc. 5 per cent oleic acid. 

Fig. 3. Animal fed corn meal mush and BaSOj. At A, 10 cc. 0.4 per cent hydrochloric 
acid was administered into the proximal duodenum. Records made by fluoroscopic obser- 
vations, optical manometers and miniature sphincter balloon (downward movement of 
sphincter record indicates sphincter relaxation). 
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slight, transient augmentation of tone and motility in the sphincter region dm-ing 
the later portion of the administration period preceded the period of inhibition 
on three occasions. 

Thus, direct e^ddence shows that under the conditions of these experiments 
the presence of HCl in the distal duodenum inhibits the entire sphincter region. 
This would indicate that the retardation of gastric evacuation produced by 
hydi-ochloric acid is primarity due to suppression of the antrum and not to any 
important involvement of the sphincter and bulb. 

Boldju-eff (7) and many others have noted a regurgitation of duodenal con- 
tents related to the presence of acid in the sphincter region. Our observation 
that acid in the duodenum produced an inhibition wliich was most pronounced 
in the antrum and became progi'essively less marked in the more distal struc- 
tures would suggest this regurgitation resulted from a reversal of pressure 
gi’adient so the bulbar pressure exceeded the antral pressure. The intermedia- 
tion of reversed peristalsis would not be essential to this regurgitation. Anti- 
peristalsis may further be ruled from participation in this phenomenon since 
when it is present it is definitel}'’ recognized by our experimental method, but in 
these studies no indication of such reversed motility was encountered. 

Optical manometer-fluoroscopic studies were undertaken to determine the in- 
fluence of hydi’ochloric acid administration on the pressures developed in the 
antrum and bulb and the process of gastric evacuation. These studies should 
also serve to check on certain inferences drawn from the first portion of this 
investigation. In the analysis made by Werle, Brody, Ligon, Read and Quig- 
le}’' (8), gastric emptying was shovoi to occm’ in cycles, during phase A; the last 
portion of the period antral basal pressure exceeded bulbar basal pressure, and 
during phase B, the first portion of the antral phasic pressure wave. We re- 
corded these pressures from open tip tubes placed 18 mm. apart, one in the 
antrum and one in the duodenal bulb. The optical manometer teclmic described 
by Brody, Werle, Meschan and Quiglej'' (9) was employed in normal trained 
dogs during both the fasting and fed state. In some additional experiments the 
pjdoric sphincter activity was studied simultaneously with the pressure registra- 
tion bj’’ placing a tiny balloon (3x8 mm.) in the sphincter lumen, and likewise 
arranging for registration bj'’ an optical manometer. In the fed animals, rapidly 
repeated fluoroscopic observations were combined vdth the pressure registrations. 

Animals IS hours post-cibum. In 15 experiments, 10 cc. of either 0.2 or 0.4 
per cent HCl was injected into the duodenal bulb immediately distal to the 
sphincter, i.e., in the region where gastric contents normally first encounter the 
duodenal mucosa. This produced a cessation of phasic pressure waves in the 
entire sphincter region. The antral inhibition started 10 to 30 seconds after 
beginning the injection and persisted for 1 to 4 minutes, the bulb was inhibited 
for 40 to 110 seconds and the sphincter (records made only in 8 cases) for 60 to 
140 seconds. The antral basal pressure fell more than the bulbar basal pressure, 
thus the conditions for gastric evacuation terminated, since both phases A and B 
were suppressed. In two experiments, chieflj'' those involving the injection of 
0.4 per cent HCl, a veiy transient excitation consisting of 3 to 4 rapid and 
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vigorous antral pressure waves preceded the inhibition phase and in eight trials 
a similar excitation of the bulb began 5 to 10 seconds after the injection started 
and persisted for 10 to 30 seconds. Control injections of 10 cc. of Ringer s 
solution into the bulb sometimes produced a similar but much more moderate 
stimulation of the sphincter region, but without the subsequent inhibition. 

Fed animak. In a series of 18 experiments similar to those just described, 
the animals were fed through the gastric cannula 500 cc. of corn meal mush 
containing 80 grams BaS 04 . While fluoroscopic observations showed that 
active gastric evacuation was in progi'ess, 10 cc. quantities of either 0.2 or 0.4 
per cent HCl was inj ected into the proximal duodenum, figure 3 . Antral pressure 
waves were completely abolished for 1—3 minutes and no antral peristaltic waves 
were visible fiuoroscopically. Gastric evacuation ceased with the last antral 
peristaltic wave and the last antral phasic pressure wave. Inhibition of the 
bulb and sphincter was also the usual effect. The duration of this inhibition 
was approximately 120 seconds in the antrum and 90 to 70 seconds in the 
sphincter and bulb. A preliminarj'- excitation of the antrum, sphincter and 
bulb occasionally preceded the inhibition, but was less frequently seen, was of 
shorter duration and more moderate in degree in fed than in fasting animals. 
As antral contractions and phasic pressure waves returned (re-establishment of 
evacuation phases A and B), gastric evacuation returned to normal after the 
second or third wave. 

In order to determine the effect of the presence of h 3 ’’drochloric acid in the 
more distal portions of the duodenum and also to prevent the acid being diluted 
and flushed awaj'’ by the material discharged from the stomach into the upper 
duodenum, a series of 23 experiments was perfoimed. The animals were fed 
the standard meal mentioned above and the acid was introduced into the distal 
duodenum. Constant slight suction was applied to the duodenal caimula in an 
attempt to collect all the material accumulating in the upper duodenum. This 
collection was facilitated by an inflated balloon placed in the duodenum just 
distal to the pancreatic duct papilla so as to interfere with the passage of proximal 
duodenal contents. 

The administration of 10 cc. of 0.2 or 0.4 per cent HCl into the distal duo- 
denum produced within 10 to 30 seconds, after beginning the injection, complete 
antral inhibition. Antral peristaltic waves, bulbar contractions, antral and 
bulbar pressure waves, antral and bulbar phasic pressure waves and the positive 
antral phasic gradients, particularly evacuation phases A and B, were absent 
for 1-5 minutes. Gastric evacuation ceased with the last antral wave and 
returned 10-15 seconds after the reappearance of the first antral pressure wave. 
The inhibition of the bulbar activity always began slightly later and the re- 
covery began slightly earlier than the corresponding antral change. An aug- 
mentation of bulbar acthdty did not result from acid introduced into the distal 
duodenum of fed animals. Sphincter activity was studied in nine experiments 
by the miniature balloon method and in all cases a sphincter inhibition Cfclosely 
lesembling that obtaining in the antrum was observed; stimulation of the 
sphincter did not occur. During the brief interval during which the antral 
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pressure dropped below bulbar level, i.e., while a negative antral-bulbar pressure 
gradient prevailed, a small portion of bulbar contents could be fluoroscopically 
seen returning to the antrum. It should be emphasized that it is acid in the 
duodenum rather than in the stomach, which induces the conditions leading to 
duodenal regurgitation. The emphasis has previousl}’’ been incorrectly placed 
on acid present in the stomach. 

Discussion. The results of our direct studies disagree with the popular 
interpretations placed on the results obtained by more indirect methods. Under 
the experimental conditions of our experiments, moderate quantities of hydro- 
chloric acid in the stomach have been shown to exercise no specific control on the 
pyloric sphincter or the immediatelj’' adjacent portions of the gut. Usuallj’’ it 
had no effect, it never produced inhibition, but occasionally it led to a slight 
augmentation of motilit}’- as an}”- other indifferent substance might do. 

Primarily, hydrochloric acid in the duodenum inhibited the entire pyloric 
sphincter region. This inhibition was most marked in the pyloric antrum and 
progressively decreased in degree in more distal regions, but was still demon- 
strable in the third portion of the duodenum. Hydrochloric acid placed in the 
bulb was slightly more effective than when injected into the lower duodenum 
and the animals were more susceptible when fasting than after feeding. 

It was indicated on theoretical grounds and subsequently demonstrated ex- 
perimentally, that hydrochloric acid in the duodenum retarded gastric evacua- 
tion by inhibiting the motility (“pumping” action) of the antrum. The period 
of suppressed gastric emptying began with the disappearance of antral peri- 
staltic waves, antral pressure waves and evacuation phases A and B and returned 
with their re-establishment. Gastric emptying ceased despite a simultaneous 
inhibition of the pyloric sphincter. The inlubition of the duodenum was less 
marked in degree and duration than the proximal structures. 

While acid was being injected into the duodenum, a transient increase in the 
activity of the sphincter region sometimes developed. This was produced 
chiefly by strong acid present high in the duodenum. Since it frequentty was 
absent, or was of moderate degree and magnitude, it appeared to be an action of 
secondary importance and it probably was in the nature of a defense response. 
Since it was most marked in the sphincter and bulb it would be effective in 
expelling the irritant from the upper duodenum, on certain occasions preventing 
its return into the stomach, or with slightly different conditions as mentioned 
above, resulting in regurgitation. Under similar conditions we have obtained 
the same type of reaction to the presence in the upper duodenum of fats, or less 
frequently, of Ringer’s solution. 

Our results and conclusions differ from those of Thomas et al., especially in 
respect to this preliminary augmentation period, for in our studies it was much 
less frequent or of shorter duration and in general appeared to be of less signifi- 
cance. We are both of the opinion that under physiological conditions, h5’’dro- 
chloric'acid exerts onlj^ a moderate regulatory influence on the process of gastric 
evacuation in comparison to many other naturally occurring factors and that the 
influence exerted bj'’ hydrochloric acid arises primarity from antral inhibition 
due to acid in the duodenum. 
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SIBDiIABY 

Employing direct observational methods, we obtained e\ddence that hydro- 
chloric acid in the stomach exerts little or no physiological action on the motor 
activities and the pressure changes in the pyloric spliineter region or on the 
process of gastric evacuation. 

Hydrochloric acid in the duodenum is moderately effective in suppressing the 
pyloric antimm and thus retards gastric evacuation. The pyloric sphincter and 
the upper duodenum are also inhibited, but this is of slight importance in the 
evacuation process, although some duodenal regurgitation may result from the 
more complete inhibition of the antrum than of the duodenal bulb. Acid in the 
duodenum may produce a preliminary augmentation of motility in the sphincter 
region, but in our experience this is of minor importance since it was rare, 
transient and moderate in degree. 
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That anoxia delays gastric emptying has been demonstrated bj" Van Liere 
et al. in dogs (5) and in human subjects (6). "Whether or not this delay would 
persist if the animals were exposed to continuous or discontinuous anoxia, as far 
as we know, has never been studied. Such a problem is of timely interest. 
That gastric disturbances occur often in people who ascend to high altitudes is 
commonly known. 

The generally recognized adaptations to anoxia are: the increase in the total 
ventilation of the lungs; the fall in alveolar carbon dioxide tension with the 
concomitant rise in alveolar oxj^gen tension and increase in blood alkalinity 
which is kept vdthin bounds by excretion of alkalies by the kidney; the increases 
in the number of erythrocytes and in percentage of hemoglobin; and the in- 
creased cardiac output. These changes may be regarded as compensatory 
mechanisms, and their appearance cannot be accepted as evidence of complete 
acclimatization unless it can be ascertained whether 6r not they are adequate to 
meet the severity of the anoxia encountered. Obviously more fundamental 
criteria of acclimatization are needed which would be measures of bodily func- 
tion and thus serve as indices of the adequacy of the adjustments. The present 
study was undertaken in order to determine the extent to which the stomach is 
involved in the adjustment to oxygen want. 

Methods. Normal gastric emptying time was determined fluoroscopically 
on five dogs following a meal of 10 grams dried bread, 20 grams ground lean 
beef and 50 cc. skim milk to which 15 grams barium sulfate were added. These 
values were controlled by keeping the dogs, after the meal, in the low pressure 
chamber (at normal atmospheric pressure) in which they were later exposed to 
lowered oxygen tensions. The weights of the dogs were maintained constant by 
feeding them a supplementaiy meal. They were in the same environment 
throughout the duration of the experiments except when in use. 

The dogs were then exposed daily (except Sundays) to diminished oxygen 
tensions in a low pressure chamber (4). The length of the daily exposure was 
about 8 hours. The ox 5 '’gen tension to which the dogs were first exposed was 100 
mm. Hg (12,000 ft.). The 5 ’' were exposed to this tension until their gastric 
emptjfing time was normal. Dogs 1, 4 and 5 were then exposed to an ox 5 ’'gen 
tension of 86 mm. Hg (16,000 ft.) until attainment of normal gastric empt 3 dng 
time as before. Finally all the dogs were exposed to an oxygen tension of 80 
mm. Hg (18,000 ft.), and except for dog 1 this was continued for about sixteen 
weeks. 
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At the end of tliis time the oxygen tension to which each dog appeared ac- 
climatized (as judged by gastric emptying time) was determined. The gastric 
empt 3 dng time of each dog at that oxj’-gen tension was then determined periodi- 
cally (at approximately 10 da}’’ intervals) until normal gastric emptjdng values 
were no longer found after two or three trials. 



Thioughout the study hemoglobin and red blood cell values were determined 
periodical^. 

Results. The influence of discontinuous exposure to the three grades of 
diminished oxygen tension upon the gastric emptying time of three of the dogs 
IS shonm in figure 1. The results on the other two dogs were essentially similar 
but m order to save space the graphs are not shoivn. At 100 mm. O 2 the average 
delas' (based on the greatest single delay in each dog) in gastric emptjdng in 
four dogs was about 35 per cent. The gastric emptying time of dogs 4 and 5 was 
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not afifected as greatly by the anoxia as that of dogs 2 and 3. For this reason 
the quicker return to normal of dogs 4 and 5 was not unexpected. In dog 5 this 
apparently occurred near the beginning of the third week and in dog 4 somewhat 
later. This point was not reached in dogs 2 and 3 before the beginning of the 
eighth week. 

At 86 mm. Oo three dogs showed an average delay in gastric emptying of 
about 40 per cent. The return to normal occurred during the third week for 
dog 1 and during the fourth week for the other two dogs. For the next 30 days 
dog 1, exposed to this degree of anoxia periodically, showed less than normal 
emptying time on each trial. 

An average delay in gastric emptying of about 60 per cent was obtained when 
the five dogs were exposed to an oxj'-gen tension of 80 mm. O 2 . The graphs show 
that upon daity exposure to this tension the gastric emptying time approached 
the normal. In dog 1 the normal was definitely reached during the third week. 
In the other dogs the normal was approached and in dog 4 temporarily reached, 
but subsequent results (not sho^vn on the graphs) showed that it was not con- 
sistently maintained. 

The retention of normal emptying time during anoxia after cessation of the 
period of daily exposure to the lowered oxj'^gen tensions was quite variable, being 
over six months for dog 1 and less than a week for dogs 2 and 4. 

Discussion. That prolonged exposure to reduced oxygen tensions should 
result in adaptations whereby^’ gastric emptying time is returned to the normal 
is not unexpected. In a personal communication' to one of us (V. L.) Kerudn, 
wdthout gi’vdng the details of his method, stated that in a series of fluoroscopic 
observations made on acclimatized residents of La Oroya, Peru, no delay m 
gastric emptying was noted. This is not surprising, because we found that our 
animals became reasonabty well adapted in a relatively short time even though 
they were exposed to anoxic anoxia somewhat less than a third of the time. 

Since it has been shown that the effects of anoxia on gastric emptying in dogs 
and human subjects are practically similar, one may apply, tentatively at least, 
the present results to men who are exposed to anoxia, such as aviators. In this 
connection it should be remembered that considerable individual variation in 
the ability to acclimatize exists. 

The reason for the delay in gastric emptying produced by anoxia is not fully 
understood. Crisler and Van Liere (2) concluded that at moderate degrees of 
anoxia the cause of the delay is on a vagospastic-pydorospastic basis, and at 
greater degrees of anoxia there is further delay’’ caused by the oxygen want 
directty affecting the gastric musculature. It is possible that other mechanisms 
producing delays may also be present. Thus the delay may be due to the effect 
of the anoxia upon the stomach itself or upon the complex of regulatory mecha- 
nisms to which the stomach is subject or to both. The return of gastric empty- 
ing to the normal during discontinuous anoxia as reported here means that an 
adaptation had taken place which was at least adequate for that phase of gastnc 
function. In other words the thoroughness of the acclimatization has been 
measured by* the return of nomial function rather than by^ the extent of the 
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compensatory mechanisms. For this reason gastric emptying time may be 
considered as a fairly good objective measure of acclimatization. 

It is of interest to consider the effect of the discontinuous anoxia on the hemo- 
globin and erythrocytes. There was a gradual rise in these values during the 
course of the experiments, and at the end of 24 weeks when the regular exposure 
to anoxia was terminated the average increase in four dogs was 74 per cent for 
hemoglobin and 84 per cent for erjd,hrocytes. If one uses (as is generally done) 
these values as criteria in the experiments reported here, there is evident a pro- 
nounced degree of acclimatization. 

Campbell (1) concluded on the basis of the pathologic changes as well as the 
physical fitness of his experimental animals that 20,000 ft. represented the 
ceiling for processes of acclimatization. For human beings McFarland et al. 
(3) cites evidence for a similar conclusion. The authors feel that the refractory 
results at 80 mm. O 2 (18,000 ft.) might be due to the nearness to the limit beyond 
which acclimatization is impossible. 

SUMMARY 

The gastric emptying time of five dogs after a standard meal has been deter- 
mined during discontinuous exposure to reduced oxygen tensions (100, 86 and 
80 mm. Hg corresponding respectively to simulated altitudes: 12,000, 16,000 
and 18,000 ft.). The usual delay in gastric emptying produced by anoxia has 
been found to be gradually reduced in every case. The return to normal gastric 
empt 3 dng time has been complete under these conditions at 100 mm. O 2 in 4 
dogs and at 86 mm. O 2 in 3 dogs. At 80 mm. O 2 but one dog of the five has 
shoum complete return to normal gastric emptying time. 

Considerable individual variation (from 3 to 8 weeks) has been found in the 
time for complete return to normal gastric emptying. The persistence of this 
adaptation to anoxia after the periods of discontinuous exposure had been ended 
has been from less than a week to over six months. 

Since gastric emptying time, as an index of function, may indicate the ade- 
quac}^ of the adjustment of the compensatory mechanisms during anoxia, it has 
been suggested that it maj^ be regarded as another criterion of acclimatization. 

The authors wash to acknowledge gratefully the assistance of Dr. Paul E. 
Vaughan during five weeks of this study. 
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EAddence is presented below that iron can be recovered from the fetus Mthin 
less than one hour after this same iron has been given orally to a pregnant 
woman. Such expeditious transfer speaks for a speedier mechanism than would 
probably obtain if this iron were first firmly incorporated in the hemoglobin 
molecule of the maternal red blood cell. With the discovery of radio isotopes, 
a sensitive method has been made available whereby it is possible to trace 
labeled particles of iron- in their joumej's about the bodj^ and to find them 
finally in their depots. The average requirement of iron for pregnane}'- is 
about 0.5 gram (7). Iron is required for the generation of fetal hemoglobin. 
Furthermore, large amounts of iron are stored in the fetal liver and other organs 
for subsequent use. Bunge (1) found that the liver of the rabbit at birth con- 
tains about 18 mgm. of iron per 100 grams of body weight, and only a corre- 
sponding 3.2 mgm. on the 24th day aftenvards.. This endo-nment of iron with 
which the young is born constitutes a reserve which may be drav'n upon later 
to compensate for the meager supply of iron in milk. 

TiTiile blood constitutes about 7 per cent of the body weight, it contains 
about 60 per cent of the body iron. It would, therefore, seem a natural inference 
that whatever the immediate precursor of the fetal iron, a probable source is 
the iron in the maternal circulation. Another likely source is the iron reserve 
of the mother, notably in the liver. Diminution of the iron reserve in the 
spleen during pregnancy has been demonstrated by Charrin (2). The impor- 
tance of the iron content of the mother’s diet has been emphasized by Mar- 
shall (5) who noted that when the mother’s diet is rich in iron, the fetus will 
store more iron than when the diet is poor in iron. 

The precise manner of transfer of iron from mother to fetus still awaits demon- 
stration. From early pregnancy to teim, vessels in the 'V'illi bring fetal blood 
into close proximity to a liberal supply of iron, i.e., the decidual pools. While 
it might be difficult to conceive that the barriers presented by the walls of the 
blood vessels and adjacent tissues would permit the passage of red blood cell 
encapsulated iron from mother to chOd, this close proximity would appear to 
meet the requirements of an osmotic connection. Tips of the -dlli may actually 
project into the maternal blood vessels. Stander (9) states that the fetus takes 
up non from degenera-^ed maternal er}’^throcytes through the syncytial covering 
of the \dlli. Scholten and Veit (8) observed that the chorionic -villi are quite 

^ We are indebted to the Eli Lilly Company for aid in conducting this ivork. 

- We are indebted to the Radiation Laborator}' at Berkele 3 ', and in particular to Drs. 

E. O. Lawrence and M. D. Kamen for the radioactive iron used in these experiments. 
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capable of dissolving eiytbrocytes of tbe circulating blood just as dissolution 
of erythrocytes can be produced by placental extracts. Furthermore, IVIarshall 
presents evidence that in certain ungulates the trophoblast can ingest not only 
hemoglobin but red blood cells as well, and states that iron-containing granules 
have been observed in all trophoblasts examined, including that of the early 
ovum of Peters. In addition he refers to the work of Bonet who observed on 
the surface of villi "perfect and damaged erythrocytes^in all states of degen- 
eration, clumping and dissolution.” Recently Kropp (4), using microincinera- 
tion methods, noted that the decidual and connective tissue cells contain more 
iron than either the amniotic or chorionic epithelium. 

Method. The radio-active iron used in these studies was prepared by the 
method described by Wilson and Kamen (10) at the Radiation Laboratory of 
the University of California. A measured quantity of the iron solution in water 
or fruit juice diluent was administered orally to women at selected times prior 
to the teimination of their pregnancy. Intervals of from less than an hour to 
several days elapsed between the time of administration of the iron and delivery 
because of the natural impossibility of predicting accurately the delivery time, 
save in those instances when therapeutic abortion or cesarean section was 
scheduled for a precise hour. At the time of delivery or operation a specimen 
of the fetal blood from the umbilical vein was collected in an oxalated hematocrit 
tube. A corresponding specimen of the maternal blood was obtained by vene- 
puncture at the same time. Ten cubic centimeters of blood were ample for 
analysis. 

The fetuses which were obtained intact by hysterotomy as the result of 
therapeutic abortion were dissected for determination of radio-active iron in 
the different tissues. No attempt was made to perfuse these tissues because of 
technical difficulties. Methods for preparation and purification of material 
for isotope estimation have been described elsewhere (3). 

Experimental observations and discussion. In table 1 are listed the 
concentrations of blood cell labeled iron following feeding single doses of the 
radio-active iron to women at various stages of gestation and at variable lengths 
of time prior to termination of pregnancy. The dosage level of the isotopic 
iron covered a range of about 1 to 122 mgm., the amount given being governed 
largely by the quantity available at the time of feeding. In any event, in these 
studies we were more concerned with the ratios of the isotope in the blood of the 
mother and fetus and with the relative distribution of the isotope in any one 
fetus, rather than the total absorption and utilization. 

Examination of table 1 indicates that some radio-active iron which had been 
fed the mother was recovered in eveiy instance from the blood of the fetus. 
The fetuses ranged in age from three months to term. With but one exception 
(no. 7), for which no explanation is available, the isotope was recovered from 
the maternal circulation at the time of delivery. The data, however, do not 
reveal any correlation between dosage and recovery of the iron. Other factors 
must deteimine uptake of this element. 

If it is true that absorption of iron is conditioned by its need, and the evi- 
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dence at hand bears this out, then one rnight well expect that a woman, whose 
physiology must adapt itself to the needs of reproductive function, will attach 
iron when this becomes available. In one respect, woman’s metabolism of 
iron differs from that of man — she must replace the iron lost at menstruation. 
While this may not result in anemia, it might, nevertheless, reduce her iron 
reserve. Furthermore, the need for iron would appear to be particularly acute 
in the event of anemia in pregnancy. Additional absorption and utilization 
of newly proffered iron would be expected to occur, even in the absence of 
anemia during pregnancy, in order to provide for iron storage in the fetus. Such 
storage of iron is of major importance in the nutrition of the new born, inasmuch 


TABLE 1 

Radio iron in maternal and fetal red blood cells following ingestion by mother 



CASE 

RADIO IRON* 

FED MOTHER 

1 

INTERVAL 
BETWEEN 
FEEDING AND 

RADIO IRON IN RED BLOOD CELLS 

AT DELIVERY. PER CENT OF 
AMOUNT FED PER 100 ML. 

GESTATION TIME 




DELIVERY 

Maternal 

Fetal 


1 

(P.F.) 

tngm. 

53 

5 da5's 

0.015 

0.082 

months 

3 

2* 

(J.F.) 

122 

2 days 

0.046 

0.37 

4 


(J.F.) 

122 

2 days 

0.046 

0.51 

4 

3 

(M.L.) 

62 

2 days 

0.08 

0.37 

4^ 

4 

(V.G.) 

16 

2 days 

0.16 

0.16 

4 

5 

(J.T.) 

122 

36 hrs. 

0.573 

0.030 

61 

6 

(L.K.) 

64 

10 days 

0.25 

0.35 

9 

7 

(M.H.) 

42 

5 days 

0.0 

0.2± 

9 

8 

(M.R.) 

42 

4 days 

0.16± 

0.02± 

9 

9 

(A.E.) 

32 

3 days 

0.013± 

0.036 

9 

10 

(H.S.) 

0.9 

33 hrs. 

O.lli 

0.05± 

9 

11 

(V.T.) 

62 

8 hrs. 

0.024± 

0.054± 

9 

12 

(E.A.) 

1.9 

2 hrs. 

0.035 

0.037 

8i- 

13 

(M.C.) 

14 

110 min. 

0.07± 

0.05± 

9 

14 

(S.B.) 

20 

40 min. 
£ 

O.Oli 

Trace 

9 


* Twin pregnancy. 


as the period during which milk is an adequate diet for the average new bom 
infant is limited by the duration of the reserve of iron. 

As a general rule, the fetal red blood cell hematocrit at term is greater than 
that of the mother. Table 2 bears this out. In early pregnancy, however, 
the reverse situation apparently prevails, as illustrated in cases 1 to 5 inclusive. 
Granting that our limited data permit only speculation, it is of interest never- 
theless that an inverse relationship seems to exist between the hematocrit and 
the content of radio-active iron recoverable from the red blood cells. Thus in 
earb-- pregnancy'- the fetal red blood cells took on proportionately much more 
radio-active iron than did the maternal red blood cells. 

The significance of this observation is, however, qualified bj’- the fact that 
in the majority of the cases reported the blood radio-iron measurements were 
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made earlier thaii four days after feeding, too early for the maximum S3Tithesis 
of labeled hemoglobin to have occurred. Therefore, these ratios maj" also par- 
tially mirror the relative rates of hemoglobin synthesis in mother and fetus. 
Also, the red cell volume of the fetus increases during gestation so that equal 
increments of labeled red blood cells represent progressively decreasing ratios 
of labeled blood cells to total blood cells in the fetus. 

Since depletion of iron reserves has been shown to be a major factor in govern- 
ing the absorption of this element, it is not surprising that in late pregnancj’- 
the mother utilizes increasing amounts of iron made available through diet. 

Patients (cases 1 to 5 inclusive, table 3) who for various reasons were sub- 
jected to therapeutic abortion were fed single doses of the isotopic iron. Imme- 

TABLE 2 


Comparison of the radio iron conieni of fetal and maternal red blood cells with the red blood 

cell hematocrits 


CASE 

RADIO IRON IN CELLS. PER CENT 
OP AMOUNT FED PER 100 ML. 
RATIO: fetal/uatesnal % 

31EI) BI.OOI) CEIB 
HEMATOCRIT. 

ratio: tetal/maternal % 

DURATION OP PKEGNANCV 

1 

0,6 

0.71 

months 

\ 3 

2a* 

8.0 

0.83 

1 4 

2b 

11.0 

0.97 

! 4 

3 1 

4.6 

0.93 

i 4^ 

4 

1.0 

1.38 

4 

5 

0.05 

1.15 

6-1 

6 ! 

1.4 

2.42 

9 

7 


1.39 

9 

8 

1 

1.36 

9 

9 

2.8 1 

1.32 

9 

10 

0.45 

0.87 

9 

11 

2.3 

1.63 

9 

12 

1.06 1 

1.09 


13 


1.91 

9 

14 


1.49 

9 


* Cases 2a and 2b were twins. 


diatelj’’ folloudng operation samples of the maternal blood and cord blood were 
taken. In the smaller fetuses it was not practicable to study distribution in the 
I'arious tissues due to the size of the specimens. In such instances, the whole 
fetus or such discrete parts as w^ere conveniently dissectable were ashed. No 
attempt was made to perfuse the tissues, and it is admitted that an undeter- 
mined amount of blood remained in the tissue. Inasmuch as there is a tendency 
to concentrate iron in the red cells when hematopoiesis is actively taking place, 
some not insignificant amounts of the isotope are probably ascribed to certain 
tissues, whereas they actually belong to the contained blood. Since values for 
the blood or red cell volumes in the fetus are not available, we were unable to 
estimate the fraction in the circulation. In each instance the fetal blood was 
obtained from the cord. 
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It is to be noted that as gestation progresses the total accumulation of the 
radio-active iron in the fetus increases. The series is too small to attempt to 
sa}'- at what stage the greatest rate of iron uptake occurs, but it is quite likely 
from inspection of the data that most of the uptake occurs during the second 
and third trimester. 

Aside from the concentration of the isotope in the red cells, it is quite evident 
that the only other tissue which is consistently high in isotope is the liver. 
Since a large part of the hematopoietic tissue in the fetal organism is located 


TABLE 3 

Distribution of radio iron in fetal tissties after feeding radio iron to mother 


CASE 

1 (u.c.) 

2 (p.r.) 

3* (j.r.) 

i* (J.F.) 

5 (M.L.) 

6 (V.G.) 

7 (J.T.) 

Age of fetus, mo 

2 

^2 

4 

■ 4 


5 

7 

Radio iron fed mother, mgm 

16 

53 

122 

122 

62 

16 , 

122 

Interval detween feeding and de- 








livery, days 

7 

5 

2 

2 

2 

2 

1 

Radio iron in red blood cells. Per 








cent of amount fed per 100 ml. 








Maternal 

0.043 

0.016 

0.046 

0.046 

0.077 

0.16 

0.57 

Fetal 


0.082 

0.37 

0.51 

0.37 

0.16 

0.030 

Radio iron. Per cent of amount fed 








recovered from tissues 








Liver 


0.0036 

0.015 

0.014 

0.046 

0.024 

0.0096 

Spleen 





0.0024 


0.0017 

Kidneys 





0.002 


0.0065 

Gastro-enteric tract 







0.0004 

Thymus gland 







0.0026 

Heart 







0.0019 

Viscera (excluding above) 


0.0008 

0.0008 

0.0009 

0.012 

0.0045 


Head, entire 





0.004 

0.53 


Residue of fetus excluding above 








named tissues 

0.0002t 

0.00056 


0.198 

0.0023 

0.79 


Amniotic fluid 


0.00013 

0.006 

0.0003 


0.00 


Total (excluding red blood cells) 

0.0002 

0.0051 

0.0218t 

0.035 

0.0689 

1.349 

0.0227t 


* Cases 3 and 4 are twins, 
t Entire fetus. 

I Incomplete analysis. 


here, this is not surprising. It is interesting, nevertheless, since this same organ 
is the main seat of iron deposition following iron feeding in the adult, even 
though hematopoiesis is most active in the bone marrow in the adult. 

The speed mth which the radio iron appears in the fetal circulation is clearl}'' 
illustrated in table 4. Radio iron can be demonsti’ated in the plasma in as little 
time as 15 minutes following feeding to an iron depleted animal. Radio iron 
has been demonstrated in the red cells as hemoglobin in as little as 5 hours (6). 
However, in the present study, iron, follovdng absorption, had to be transported 
in the maternal circulation to the placenta where through some mechanism it 
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finally reached the fetal circulation. Here we note that minute but measuiable 
amounts of this isotope can be demonstrated in the fetal circulation in transport 
in the plasma in as little time as 40 minutes after feeding the mother. The 
three cases shown in table 4, it will be noted, received rather small doses of the 
isotope because under these conditions the highest percentage absorption takes 
place. It is also essential that the radio iron used have a high specific activity 
in order to permit one to detect the extremely small increments of circulating 
iron. The quantities of iron determined may be appreciated when one con- 
siders that the plasma radio iron level in case 1, table 4, is of the order of 4 
micrograms per 100 ml. of fetal plasma, the amount of plasma actually being 
studied amounting to only 8 ml. In case 3, table 4, the amount of radio iron 
appearing in the red cells of the mother and infant was of the order of 1 micro- 
gram per 100 ml. of red cells, and here only about 3 ml. of cells were actually 
used in measurements. It is obvious that chemical methods could hardly be 
expected to show such minute changes regardless of the degree of accuracy 
attained. 

TABLE 4 


Showing rapidity of appearance of radio iron in fetal plasma 


CASE 

' RADIO IRON 

i TED MOTHER 

RADIO IRON RECOVERED. PER CENT 1 

OP AMOUNT lED PER 300 Ml. PIASMA , 

! 

INTERVAL BETWEEU 
TEEDING and 
DEUVERY 

Maternal 

I Fetal 


fMSm. 

, 


min. 

1 (S.B.) 

20 

0.13 

0.026 

40 

2 (M.C.) 

14 

0.28 

0.18 

no 

3 (E.A.) 

1.9 1 

0.27 

0.17 

120 


It seems quite improbable that the only route of transmission of iron from 
the mother to the fetus must be through the complicated chain of events 
expressed in most texts, z.e., maternal plasma iron to red cell iron, passing of the 
latter to the placenta, destruction of the red cell with liberation of the con- 
tained hemoglobin iron, absorption, and finally elaboration of the iron into 
hemoglobin of the fetal blood cells. It seems doubtful if the radio iron would 
follow all these steps before it appears in the fetal plasma in as little time as 
40 minutes folloiving feeding of the mother. It seems more improbable that in 
two hours time these many reactions plus hemoglobin formation occur along 
with appearance of isotope in the red cells of the fetus. It would appear, there- 
fore, that at least some iron reaching the fetus does not have as its immediate 
percursor the iron contained in the hemoglobin of the maternal red blood cells. 


SUMAIARY 


1. Radio-active iron when fed in single doses to women near termination of 
pregnancy appears rapidly in the fetal circulation, definitely measurable amounts 
being present m 40 minutes. The speed of transfer suggests that plasma rather 
tiian tne red blood cell is the vehicle. 
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2. Distribution of radio iron in fetal tissues following feeding of the mother 
and subsequent therapeutic abortion shows a wide dissemination of the isotope 
with the greatest concentration in the red blood cells. Of other tissues studied, 
the liver contained the greatest quantity. 

3. In earl_y pregnancj’' the fetal hematocrit on comparison with that of the 
mother is low. At this time more radio-active iron is proportionately present 
in the fetal red cells following feeding of a single dose to the mother. The 
converse applies in late pregnancy. The relationship of iron uptake to the 
needs of the organism for iron is discussed. 
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Holtz and Sclireiber (1) first demonstrated that, from the products formed by 
the irradiation of ergosterol, a “calcinosis factor” could be separated which 
was not antirachitic but would produce a hypercalcemia when administered to 
normal or parathyroidectomized animals. Further studies indicated that the 
sterol most potent in elevating the serum calcium was dihydrotachysterol, which 
has been isolated and its chemical structure determined (2). Albright, Bloom- 
berg, Drake and Sulkowitch (3) studied the physiological properties of dihydro- 
tachysterol and vitamin D and suggested that they differ in their effects upon 
the rate of renal excretion of phosphate. Shohl and Farber (4) and Correll 
and Wise (5) have reported that the solution of dihydrotachysterol known as 
A.T. 10 has slight antirachitic actirdty in the rat and chick respectively. 

We have previously studied the effect of vitamin D on the renal excretion of 
phosphate (6). Under standard conditions there is a maximal rate of tubular 
reabsorption of phosphate. Phosphate appears in the urine when the rate at 
which this ion is filtered through the glomeruli exceeds the maximum capacity 
of the tubules to reabsorb phosphate. In this respect the tubular reabsorption 
of phosphate is analogous to that of glucose and certain other organic solutes (7). 
Shannon and Fisher (8) have termed the maximum capacity of the tubules to 
reabsorb glucose the glucose Tm. The similar property with respect to phos- 
phate may be called the phosphate Tm. The concentration of phosphate in 
the plasma at equilibrium shows a close correlation with the phosphate Tm. 
Ifitamin D was found to increase the phosphate Tm, thus increasing the con- 
centration of phosphate in the plasma, and this was thought to be one of the 
mechanisms of the antirachitic action of vitamin D. As a logical extension of 
this iirvestigation, we undertook to determine the effect of dihydrotachysterol 
upon the rate of renal tubular reabsorption of phosphate. 

ExPEKiiMENT.Ati PROCEDURE AXD RESULTS. Female mongrel puppies, two 
months of age, were fed a modification of the low'-calcium, vitamin D-free diet 
described by Morgan (9). The intakes of calcium and phosphorus ivere 135 
and 365 mgm. per day, respectively. The diets w'ere adequate for growdh of 
the animals. After the dogs had received this diet for two to three months, 
definite evidences of vitamin D deficiency -were present as indicated by decreased 
concenti ations of both calcium and phosphorus in the serum and roentgenological 
e\ idcnce of i achitic changes in the bones. Repeated determinations were then 
made of the renal clearances of creatinine and phosphate following an intra- 
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venous injection of phosphate according to the technique previously described 
(6). From these data the maximum rate of reabsorption of phosphate by the 
renal tubules was calculated. Folio vdng a number of control observations, 
vitamin D 2 or dihj'’drotachysterol was administered and the effect on the phos- 
phate Tm and on the concentrations of calcium and phosphorus in the serum 
studied. The vitamin D 2 was given as a solution of irradiated ergosterol in 
oil, assayed upon rats. The concentration of vitamin D 2 was calculated on the 
basis of 40,000 units per milligram of pure vitamin.^ The dihydrotachysterol 
was supplied in the form of the commercial preparation formerly known as 
A.T. 10. This solution is said to contain 0.5 per cent sterol but its potency is 
equivalent to only 1.25 mgm. ciystalline dih 3 ’^drotach 5 ’^sterol per cubic centi- 
meter of solution. 

The experimental results are showm diagrammaticallj’- in figures 1 to 7. The 
concentrations of calcium and phosphorus in the serum, determined in the post- 
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Fig. 1. Dog A — age 5 mos. Low calcium, vitamin D free diet 


absorptive state, are sho^vn bj'’ the solid squares and hollow circles respective!)", 
both expressed as mgm. per 100 cc. sei’um. The phosphate Tm is indicated by 
the columns and is expressed as milligrams phosphorus reabsorbed per 100 cc. 
of glomerular filtrate formed. This value is equal to the so-called “equilibrium 
concentration,” i.e., the concentration of phosphate in the serom at which the 
rate of filtration of phosphate through the glomerali is equal to the maximum 
capacity of the tubules to reabsorb phosphate. The time interval in days is 
shown at the bottom of the figure, and the amounts of vitamin D and dihydro- 
tachysterol administered are indicated as milligrams of active sterol per day. 

In figure 1 are shown the results of the administration first of vitamin D and 
then of dihydrotachysterol to a rachitic dog. Over a period of three days 60,000 
units of vitamin D, equivalent to 1.5 mgm. of active sterol, were given. There 

' We are indebted to. Dr. C. E. Bills of Mead Johnson and Co. who supplied the irradiated 
ergosterol used in these experiments. 
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was a prompt increase in phosphate Tm and a corresponding rise in the con- 
centration of phosphate in the serum, as well as an increase in the concentration 
of calcium. No further vitamin D was given and in about 60 daj’-s the serum 
calcium was again decreased to 8 mgm. per 100 cc., and phosphate Tm and the 
serum phosphorus had fallen from the high levels found after the administration 
of vitamin D. Dihydrotachysterol was then given in doses of either 1.25 or 
2.5 mgm. per day. During a period of three weeks approximately 44 mgm. of 
dihj^drotachysterol were given with little effect upon the serum calcium except 
after prolonged treatment. The phosphate Tm and the concentration of phos- 
phate in the serum remained unchanged. 

In two other experiments, the results of which are shown in figures 2 and 3, 
dihj'-drotachj'-sterol was given as soon as the dogs showed clear cut evidences of 
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Fig. 2. Dog B — age 5 mos. Low calcium, vitamin D free diet 
Fig. 3. Dog C — age 5 mos. Low calcium, vitamin D free diet 
Fig. 4. Dog E — age 5 mos. Bread and meat diet 

vitamin D deficiency. An amount of solution equivalent to 54 mgm. of dih 3 rdro- 
tachj^sterol was given to dog B (fig. 2) without any demonstrable effect upon 
the serum calcium, which remained at about 8 mgm. per 100 cc. During and 
following the period of treatment the phosphate Tm and the concentration of 
serum phosphate dropped progressively, reaching a low^ level of about 3 mgm. 
per 100 cc. One week after the dihj’-drotachj^sterol treatment w^as stopped, the 
serum calcium fell to 6.8 mgm. per cent. The rapid drop of the serum calcium 
following the cessation of dihydrotachj^sterol therapy may indicate that this 
sterol did have a slight effect in preventing a decrease in the serum calcium 
during its use. Two weeks following the discontinuance of dihydrotachj’-sterol 
treatment vitamin D was given. After the administration of 7 mgm., the 
concentration of calcium in the serum rose progressively as did the phosphate 
Tm and the serum phosphate. After a total of 10 mgm. of vitamin D had been 
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given the serum calcium had returned to the normal level of 10 mgm. per 100 cc. 
and the serum phosphate to 6 mgm. per 100 cc. In the case of dog C (fig. 3), 
the serum calcium remained low despite the administration of 6.25 mgm. of 
dihydrotachysterol daily for a period of 5 days. However, when treatment was 
continued for 5 more days, making a total dosage of 62.5 mgm., the senim cal- 
cium increased to 9.5 mgm. per 100 cc. At the end of this period of treatment 
the concentration of phosphate in the senim and the rate of renal tubular 
reabsorption of phosphate were lower than in the pretreatment studies. Seven- 
teen days after the last dose of dihych’otachj’^sterol had been given the dog 
received 2.5 mgm. of vitamin D. There was an immediate rise in the renal 

MG./ioo cc. 



Fig. 5 Fig. 6 Fig. 7 

Fig. 5. Dog F — age 5 mos. Bread and meat diet supplemented n'ith vitamin D 
Fig. 6. Dog A — age 18 mos. Bread and meat diet 
Fig. 7. Dog D — age 11 mos. Vitamin D free diet 

tubular reabsorption of phosphate and in the concentration of phosphate in the 
serum. A further rise in the concentration of calcium in the serum also occurred. 

In the next group of experiments dihydrotach 5 ^sterol was administered to 
animals fed diets which contained vitamin D. Several 3 ’'oung rapidly grovfing 
dogs were given a diet of white bread and ground lean beef. This diet supplied 
approximately the same amounts of calcium and phosphorus as the S5mthetic 
rachitogenic diet previously used. On this diet the dogs showed no evidence 
of vitamin D deficiency’’ and the concentrations of calcium and phosphorus in 
the serum remained within the normal range. In figure 4 are shown the effects 
of dihydrotachysterol administered to a 5 month old dog who had been fed the 
bread and meat diet since the age of 2 months. Following the administration 
of 27.5 mgm. of diby'^drotachysterol the concentration of calcium in the senim 
increased to almost 12 mgm. per 100 cc. but there w’as a slight decrease in the 
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rate of renal tubular reabsorption of phosphate. Following the cessation of 
dih 5 ’-drotachj^sterol treatment the concentration of calcium in the serum returned 
to the pretreatment value in about 2 weeks, but there was a further decrease 
in the phosphate Tm with an associated decrease in the concentration of phos- 
phate in the serum to 5.5 mgm. per 100 cc. At this time 10 mgm. of vitamin D 
were given and there was an immediate rise in phosphate Tm and in the con- 
centration of phosphate in the serum. This would indicate that the bread and 
meat diet was not an adequate source of vitamin D. 

In figure 5 are shown the results of another experiment on a 3 mung dog fed 
the bread and meat diet since the age of 2 months. In this experiment, however, 
5000 I.U. of vitamin D were given daily starting 7 days before the administra- 
tion of dihydrotachysterol. When dihydrotachysterol was given to this dog 
the renal tubular reabsorption of phosphate and the concentration of phosphate 
in the seram did not decrease, as in the previous experiment, but there was, on 
the contrary, a slight but definite increase which was maintained mth continued 
administration of dihydrotachysterol. When the dihydrotachj^sterol was 
stopped, although the animal continued to receive 5000 I.U. of vitamin D daily, 
the phosphate Tm and the concenti-ation of phosphate in the serum returned to 
the normal pre treatment levels. 

In experiments on two other dogs the results indicate again that the phosphate 
Tm maj'- be increased by the administration of dihydrotachysterol to dogs who 
have previously received vitamin D. In figure 6 are shown the results obtained 
in an adult dog fed a bread and meat diet. The administration of 20 mgm. of 
vitamin D resulted in the expected increase in phosphate Tm, although in this 
case no appreciable rise in the serum calcium was found. One hundred days 
later when dihj’’drotachysterol was given there was again a definite increase in 
the phosphate Tm and at this time a marked hj’-percalcemia. Similar findings 
for dog D are shown in figure 7. This animal was fed a sjmthetic vitamin D 
free diet. The administration of vitamin D was followed by a marked increase 
in the rate of tubular reabsorption of phosphate and also an increased concen- 
tration of calcium in the serum. Again, when dihydrotach 3 '’sterol was given 
100 daj’-s later, although no \dtamin D had been given in the interim, there was 
an increase in the rate of tubular reabsorption of phosphate and a rise in the 
serum calcium. In these latter two experiments in the adult animal it is prob- 
able that sufficient amounts of ^dtamin D had been administered in the first 
series of studies so that the vitamin D stores of the body were still adequate 
100 daj’-s later, at which time dihydrotachj’-sterol was given. hlcChesney and 
Messer (10) have shonm that in normal adult dogs receiving an adequate diet 
containing vitamin D the administration of dihydrotachysterol results in an 
increased concentration of phosphate as well as calcium in the serum, and the 
lesults aie comparable with those obtained after the administration of large 
doses of vitamin D. 

Discussion. The experimental data indicate that the results of treatment 
with dihydrotachysterol are markedly different in the dog depleted of vitamin D 
from those in the dog who has had an adequate intake of this vitamin. Dihy- 
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drotacliysterol cannot substitute for Autamin D in the rachitic dog, although it 
may have a vitamin D like effect in the normal dog. 

When dih5"drotach3^sterol is given to a dog who has received adequate amounts 
of vitamin D the phosphate Tm is increased, an effect comparable to that pro- 
duced by an excess of vitamin D. However, in the rachitic dog the adminis- 
tration of dih3'drotachj’-sterol results either in no change or in an actual decrease 
in the phosphate Tm Avith a corresponding fall in the concentration of phos- 
phate in the serum. This effect is noted even when enough dihj’-drotaclmterol 
is given to produce a slight increase in the concentration of seinim calcium. 
The phosphate Tm continues to decrease progressive^’’ folloAAing the cessation 
of dih3’’drotachj’’sterol treatment until vitamin D is given, when there is the 
usual rise obtained with this vitamin. The decrease in renal tubular reabsorp- 
tion of phosphate observed in the Autamin D-deficient animal folloAving dihj’dro- 
tachj’^sterol administration suggests a parathyroid hormone-like effect ( 6 ). 
These results again indicate the importance of renal tubular reabsorption of 
phosphate in maintaining the normal phosphate economj’’ of the bod}", and 
support the suggestion that the effect of vitamin D in increasing phosphate Tm 
is one of the mechanisms of its antirachitic effect. 

The present experiments agree in part AAuth Albright et al. (3) that one of the 
essential differences betAveen the physiological effects of dihydrotachysterol and 
A’^itamin D is in their action upon the renal excretion of phosphate. HoAA'ever, 
there is also a striking difference betAA’een dihydrotachysterol and vitamin D in 
their effect upon the serum calcium in the rachitic dog. Dihydrotachysterol 
is relatively ineffecth’e in increasing the concentration of calcium in the A’’ita- 
min D depleted dog. This lack of potency of dihydrotachysterol in the absence 
of A’itamin D has also been noted in human infants suffering from rickets and 
tetany. Harnapp (11) and Woo, Fan and Chu (12) haA’e shoAAUi that the 
administration of solutions of dihydrotachysterol failed to raise satisfactorily 
the serum calcium of such infants, AA'^hereas preparations of vitamin D AA’ere 
immediately effective. 

The experimental findings suggest that vitamin D is essential for certain 
cellular functions and cannot be replaced by dihydrotachysterol. If the Auta- 
min D requirements of the tissues are satisfied, dihydrotachysterol can then 
supplement the essential Autamin and produce an effect similar to that of an 
excess of A'itamin D. 

The interrelationships betAA'een the parathyroid hormone and the effects of 
Autamin D and dihydrotachysterol are not as yet explained. In the subject 
AA’ith intact parathyroids, Aotamin D increases the concentration of phosphate 
in the serum. HoAA’eA’er,' in patients Avdth hypoparathj'roidism the abnormally 
high concentration of phosphate is decreased by the administration of both 
vitamin D (3, 13, 14) and dihydrotachysterol. This phase of the problem 
requires further study. 

SUJIAIARY 

The effects of dihydrotachysterol and Autamin D on the rate of reabsorption 
of phosphate by the renal tubules (phosphate Tm), and the concentrations of 



DIHYDROTACHYSTEROL AND VITAMIN D IN RACHITIC DOG 


177 


phosphate and calcium in the serum were determined in rachitic and normal 
dogs. When vitamin D is given to the rachitic dog a prompt increase in phos- 
phate Tm is found, associated nith a rise in the concentrations of phosphate 
and calcium in the serum. Following the administration of dihydrotachj’-sterol 
to the vitamin D depleted dog there is a progressive decrease in phosphate Tm 
and in the serum phosphate. The concentration of calcium in the serum may 
be slightly increased if large amounts of dihydrotachysterol are given. In the 
normal dog, however, which has been given vitamin D, dihydrotachj’-sterol 
produces a marked elevation of the serum- calcium and also an increase in 
phosphate Tm and the concentration of phosphate in the serum. The results 
indicate that although the physiological effects of dih3’-drotach3'sterol in the 
normal dog are similar to those of vitamin D, dihydrotachysterol can not sub- 
stitute for vitamin D in the rachitic dog. 
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Variations of thromboplastic activity may be estimated by comparing the 
coagulation time on one sample of plasma. The thromboplastic substances 
used in these comparisons maj’- be prepared from different organs of various 
species. Quick (1) developed the prothrombin time test by determining the 
coagulation time of recalcified plasma to rvhich an excess of brain thromboplastin 
is added. He showed that the prothrombin time maj’’ vary depending on the 
origin of the thromboplastin and the species in which it was used (2), and sug- 
gested that seasonal variations might influence the thromboplastic activity of 
tissues (3). The purpose of this stud 5 '- was to determine if the age of the 
animal would influence the thromboplastic activity of their brains and if the 
aging of chicken plasma at room temperature would have an effect on the 
prothrombin time. Furthermore, we vished to determine if there is any 
correlation between the prothrombin time and the coagulation time of recal- 
cified oxalated plasma. Since the activity of skin thromboplastin has not 
been examined, we prepared thromboplastic substances from skin and brain of 
rabbits and chickens for purposes of comparison. In the course of this study 
it became apparent that the widely accepted explanation of the phenomenon of 
prothrombin time which is based on the Morawitz concept of the classical theory 
of blood coagvdation (4) could not be correlated with our findings. We there- 
fore propose a tentative conception which is principally based on Howell’s 
theory (4). 

Methods. The plasma was decalcified as described by Quick (1) b 3 '' adding 1 
volume of 0.1 M sodium oxalate solution to 9 volumes of blood. Blood was 
drawn from the antebrachial vein of humans, the jugular vein of chickens and 
dogs, and the heart of rabbits and immediatelj’’ mixed with sodium oxalate 
solution. The oxalated blood was centrifuged at 1500 r.p.m. for 10 minutes 
and the plasma drawn off. For the plasma coagulation times, with or without 
the addition of thromboplastin emulsion, 0.1 cc. of 0.025 M calcium chloride 
solution was used. The coagulation time of recalcified plasma was determined 
by adding 0.1 cc. of 0.9 per cent sodium chloride solution to 0.1 cc. decalcified 
plasma. All tests were run in duplicate and the appearance of a gel was used 
as the endpoint for the plasma coagulation time. 

Thromboplastic substances of brain were prepared with acetone washings 
according to Quick’s method (1) and by a drjdng method similar to the procedure 
of Link et al. (5). Quick’s method was applied to experiments listed in tables 
1, 2 and 3. Chicken skin thromboplastin for experiments compiled in table 3 
was prepared bj'- mincing (without sand) and extracting the minced material 

' Aided in part by a grant from the Dazian Foundation for Medical Research. 
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with acetone. One hundred milligrams of each dry thromboplastic substance 
was mixed with 5.0 cc. of 0.9 per cent sodium chloride solution and incubated for 


TABLE 1 

Prothrombin lime oj human and dog plasma with brain thromboplastin from rabbits of different 

ages 


BRAIN THROMBOPLASTIN 

AGE OF RABBIT 

PLASMA PROTHROMBIN TIME IN SECONDS OF 

Human I 

Human II 

Dog I ! 

Dog II 

3 weeks 1 

24 

24 

1 

10 

S 

6 weeks 

23 

23 

9 

7 

3 months 

19 

19 

9 

7 

4 months 

IS 

20 

8 

6 

10 months 

14 

16 

7 

8 

15 months 

16 

17 

7 

6 


TABLE 2 


Effect of aging at room temperature (26°C.) upon the prothrombin time of chicken plasma 

with chicken brain thromboplastin 


PLASMA 

1 

PROTHROMBIN TIME IN SECONDS 

Aging of plasma: 

1 hour 

3 hours 

8 hours 

24 hours 

Chicken A 

28 

42 

125 


Chicken B 

33 

44 



Chicken C 

38 

42 



Chicken D 

36 

1 

41 

65 1 



T.ABLE 3 


Prothrombin time in chicken plasma obtained with different thromboplastins and their activity 
expressed by the thromboplastin coefficient 


CHICKEN 

NUMBER 

PROTHROMBIN TIME IN SECONDS 

WITH THROMBOPLASTIN OF 

COAGULATION 
TIME OP 

THROMBOPLASTIN COEFFICIENT 

WITH THROMBOPLASTIN OF 

Chicken 

brain 

Chicken 

skin 

Rabbit 

brain 

lk,V 

PLASMA 

Chicken 

brain 

Chicken 

skin 

Rabbit 

brain 

1 

23 

180 

ISO 

seconds 

290 

1 

12.6 

1 

1.6 ! 

1.6 

2 

23 

360 

270 

600 

26.1 

1.7 

2.2 

3 

22 

j 210 

240 

720 

32.7 

3.4 

3.0 

4 

25 ■ 

300 

510 

1410 

56.4 

4.7 

2.8 

5 

28 

240 

240 

540 

19.3 

2.3 

2.3 

6 

20 

330 

540 

1020 

51.0 

3.1 

1.9 

7 

32 

420 

600 

3120 

97.5 

7.4 

5.2 

8 ‘ 

28 

360 * 

420 

750 

26.8 

2.1 

l.S 

9 

23 

240 

240 

960 

41.7 

4.0 

4.0 


15 minutes at 50 to 55°C. F or the experiments in table 4, the brain and skin 
of rabbits and chickens were minced in a mortar vdthin 2 hours after slaughtering. 
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The cutaneous tissues were scraped from the inside of the rabbit’s pelt. One 
portion of each organ was treated with acetone and an equal portion was prepared 
without acetone. The minced tissues were dried for 24 houns at 36 to 38°C. 
in a desiccator containing calcium chloride. The dry material was weighed in 
250 mgm. lots and each preparation was subjected to further grinding with sea 
sand (Merck). The brains were also ground in sand in order to obtain throm- 
boplastin preparations under similar conditions. The disintegrated material 
was taken up with 12.5 cc. of 0.9 per cent sodium chloride solution and centri- 
fuged at a constant speed of 1000 r.p.m. for 5 minutes. The supernatant 
fluid was decanted and incubated in a water bath at 55°C. for 15 minutes. Equal 
volumes of 0.025 M calciuru chloride solution and thromboplastin emulsion 
were mixed and 0.2 cc. of this mixture Avas added to 0.1 cc. of plasma. 

Results. Table 1 demonstrates the thromboplastic activity on the prothrom- 
bin time of human and dog plasma of brains from rabbits Amrjdng in age from 
3 Aveeks to 15 months. It appears that brain thromboplastins from young and 

TABLE 4 


The accelerating effect of thromboplastins from brain and skin of rabbit and chicken on the 
coagulation time of recalcificd plasrna expressed by the thromboplastin coefficient 


PLASMA 1 

THROMBOPLASTW COEPPICILNT 

Rabbit brain 

Rabbit skin 

Chicken brain 

Chicken skin 

A 

D 

A 

D 

A 

D 

A 

D 

Dog I 

6.6 

8.0 

3.8 

3.2 

2.9 

2.2 j 

2.6 

2.4 

Dog II 

1 

5.6 

2.9 1 

2.3 

; 1.9 

1.5 

1.6 

1.6 

Rabbit I 

6.5 

5.3 

2.1 

2.0 

1.2 


0.8 

0.9 

Rabbit II 

7.1 

6.9 

4.5 

2.5 

2.2 

1.6 

1.7 

1.7 

Chicken I 

4.4 

6.6 

8.7 

5.1 

133 

123 

25 

75 

Chicken II 

7.5 

7.0 

9.4 

6.0 

125 

113 

38 

93 

Human I 

6.5 

8.2 

5.4 

4.0 

1.0 


1.1 

1.0 

Human II 

6.0 

i 

4.2 

1 

3.9 

1 

1.1 


1.1 

1.2 


A = prepared with acetone; D = prepared without acetone. 


adult rabbits possess similar thromboplastic activity. HoAA'ever, there is a 
slight prolongation of prothrombin time wnth brain thromboplastins of 3 and 6 
AA'eek old rabbits. 

Table 2 shoAA^s that the prothrombin time of chicken plasma aaRIcIi had been 
alloAA^ed to stand at room temperature for 8 hours AA’^as from 1.8 to 4.5 times 
longer than after standing for 1 hour. Further, after aging the plasma for 24 
hours, the prothrombin time exceeded 1 hour. 

Instead of expressing the accelerating effect of the thromboplastin emulsion 
upon the oxalated plasma coagulation time in seconds as is usuallj'' done, AA^e ex- 
press this thromboplastic acthdty as a ratio of the coagulation time of recalcified 
plasma to the prothrombin time. This coefficient of thromboplastic activit}^ 
equals 1 if the added thromboplastin emulsion does not exhibit any actiAuty; 
AA'hereas, AA’hen this coefficient is greater than 1 it expresses the relatiAm actiA'it}’' 
of a ghmn thromboplastin emulsion upon the coagulation time of the same 
plasma. 
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In table 3 the prothrombin time in chicken plasma obtained vith thromboplas- 
tins of chicken brain, chicken skin, and rabbit brain are compared with the coag- 
ulation time of the recalcified plasma in seconds. The activit}" of the three 
thromboplastic substances is also compared with their corresponding coefficient 
of thromboplastic activity. For convenience we have named the latter “throm- 
boplastin coefficient.’' Chicken lirain thromboplastic activity, as expressed by 
the prothrombin time, varied between 22 and 32 seconds. Prothrombin times 
with chicken skin and rabbit brain were markedty prolonged, and it would appear 
that these thromboplastins have only insignificant activities. However, when 
these values are compared with the coagulation time of recalcified plasma, one 
obsei-ves that both preparations did shorten the coagulation time. Even though 
the prothrombin times fell in a narrow range, the acceleration of coagulation b 3 ’' 
the addition of thromboplastin emulsion varied marked^. Chicken brain in 
chicken plasma was much more active in accelerating the coagulation than either 
chicken skin or rabbit brain thromboplastin. 

Table 4 exhibits the accelerating effect of thromboplastin obtained from brain 
and skin of rabbits and chickens on the plasma of dogs, rabbits, cliickens and 
humans. The acceleration with two kinds of thromboplastin prepared from 
each organ with and without acetone was expressed bj’- the thromboplastin 
coefficient. Rabbit brain was most active in dog plasma. Chicken skin and 
brain showed approximately equal activity. The rabbit skin, however, was 
more active than either chicken preparation. Rabbit brain thromboplastin 
was more active than rabbit skin in rabbit plasma. Chicken brain and skin 
thromboplastins showed slight activity in rabbit II plasma and no activity in 
rabbit I plasma. In chicken plasma, chicken brain was stronger than chicken 
skin. Rabbit brain and skin showed slight activity b}’- comparison to chicken 
thromboplastin; however, activity was definitelj'- present. In human plasma, 
rabbit brain was stronger than rabbit skin. Neither preparation of chicken 
thromboplastin exhibited anj- significant acceleration in human plasma. Ace- 
tone (A) and diy (D) preparations of thromboplastin showed variation of ac- 
tivity in the different plasmas. 

Discussion. We employed 20 ingm. per cubic centimeter of thromboplastic 
substance in all the studies, because 20 to 60 mgm. rabbit brain thromboplastin per 
cubic centimeter exhibited similar prothrombin times in human and dog plasma. 
It appears that the age of the rabbit up to 6 weeks has only slight effect on the 
thromboplastic activity of the brain upon human plasma. The brains of all 
rabbits over 3 months show essential^ the same activity. There is some contro- 
versy in the literature with regard to the prolongation of the prothrombin time 
due to storage of blood or plasma. According to Rhoads and Panzer (6) who 
used a modification of Quick’s method, this prolongation occurred after a few 
days. Similar observations were made by Quick (7). Warner et al. (8), on the 
contrary, who used Quick’s method and the 2-stage method of Smith, Warner and 
Brinkhous (9), did not find such a marked prolongation vithin so short a time. 
Nei'ertheless, chicken plasma kept at room temperature shows a tendency to 
prolong prothrombin times with extreme rapidity. It is of interest in this con- 
nection that oxalated pose blood has been found by Quick (7) to prolong, upon 
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standing, the prothrombin time even more rapidlj’- than human blood. From 
this it might be inferred that avian oxalated blood inhibits, on storage, thrombo- 
plastic acthdty to a greater extent than oxalated blood of mammals. An ex- 
planation for this phenomenon can not be given at the present time. It ma}' be 
noted that upon standing the coagulation time of recalcified chicken plasma also 
rapidly became longer. The finding of Tocantins (10) that loss of CO 2 prolongs 
the prothrombin time may not be the entire e.xplanation. It appears that, when 
using the same thromboplastic substance, temperature, sterile conditions and the 
genus or even species, from which the plasma was obtained, influence the pro- 
thrombin time in aging plasma. 

Quick (2) studied the prothrombin time in various species using various throm- 
boplastins. He concluded that certain thromboplastins show their greatest 
activity when reacting with their own prothrombins. This, however, does not 
seem to be always tme since he found in human plasma a significantly shorter 
prothrombin time with rabbit brain than Avith human brain. Warner, Brinkhous 
and Smith (11) studied the thrombin titers in various vertebrates AA’ith their 
method, and found them far higher in mammals than in the lower A’-ertebrates 
and that the values rose progressively according to the position in the evolu- 
tionary scale. They haA'^e tested many organs as a source of thromboplastin and 
found that thromboplastin prepared from brain or lung aa^s most active. In 
most cases, hoAvever, they haA’^e obseiwed that organ extracts from one species 
are almost equally effecth^e in activating thrombin of the other species studied 
and that an element of species specificity aa'rs apparent AA'ith chicken plasma. 
We believe that apparently'- there is a trend toAA'ards specificity^, but aa'c do not 
believe that this presents the full explanation for the various actiAuties of different 
thromboplastins. 

The coagulation time of recalcified plasma may e.xhibit the actiA'ity'- of the 
thromboplastic substance Avhich, due to platelet disintegration or from other 
sources, is originally present in the plasma. The “thromboplastin coefficient” 
AA'as introduced to express the ratio of the initial thromboplastic acth'-ity'- of the 
plasma to the activity'^ of thromboplastin in excess. We belieA'e that using sec- 
onds alone as a measure of thromboplastic actiAuty in different plasmas is erro- 
neous. For example, if one studies dog plasma AA'ith a prothrombin time of 10 
seconds and human plasma AA'ith a prothrombin time of 23 seconds, one may 
assume that in dog plasma there is a 2.3 times greater thromboplastic actmty’- 
than in human plasma. HoAA'CA'er, this ai^parently is not time, because, upon 
recalcification, the same human plasma clots in 3G0 seconds and the same dog 
plasma, in 160 seconds. The thromboplastic actiAuty'- as determined by the 
thromboplastin coefficient can thus be the same, even though the prothrombin 
times in seconds in both instances do not agree. The thromboplastin coefficient 
may' not A'ary greatly. This is due either to the short recalcified plasma coag- 
ulation time or to the proportionate increases both in the latter and in the pro- 
thrombin time. The A'ast difference in the thromboplastin coefficient AA'hich 
occurred AA’ith the chicken brain thromboplastin is not attributable to the pro- 
thrombin time, as can be seen from table 3, but to AA'ide A'anations of the recal- 
cified plasma coagulation time. As endpoints of the prothrombin time, or recal- 



THROMBOPLASTIC ACTIVITY OF BRAIN AND SKIN EXTRACTS 


183 


cified plasma coagulation time, we alwaj’^s used the appearance of a gel. For 
this reason the recalcified plasma coagulation time is probably longer than may 
be expected. It may be noted that precipitation could be observed before gelation 
had started. Precipitation of fibrin needles was observed to occur mostly 
simultaneouslj’' with gel formation in plasma coagulation. However in hemo- 
philic plasma or blood, precipitates of fibrin or little clots often occur long before 
gelation. To our knowledge there are no special studies in the literature re- 
garding the occurrence and relationships of both phenomena. 

Thromboplastic acceleration of coagulation time in plasma of the same, or 
different, species cannot be explained satisfactorily by the concept of Quick (2). 
According to him, the prothrombin time expressed in seconds indicates the con- 
centration of prothrombin which is present in the plasma. This becomes further 
evident when thromboplastins from different organs of the same species are 
examined. Furthermore, no explanation is offered bj’- the Quick concept 
for the discrepancies which exist between prothrombin time and coagulation 
time of recalcified plasma. Therefore, Ave offer a tentathm explanation which is 
based upon recent findings of other authors which hitherto were not sufficiently 
correlated to explain the discrepancies in our results. 

The contention that prothrombin is a precursor of thrombin which seems to 
be generally accepted toda}"- is again a matter of controvers3^ Dyckerhoff et al. 
(12, 13) have recentlj’’ stated that thromboplastin (thrombokinase) actiA'-ates 
thrombin in a similar manner as enterokinase activates trypsin b}’’ the exclusion 
of inliibitorj’- substances. Thej’- offered this theory as a reasonable explanation 
for the many observations in the literature AA'hich are not completel}’’ explainable 
by the MoraAAntz theory. They suggest that completely formed thrombin 
is present in the circulation, and that its action is hindered by inhibiting sub- 
stances. In HoAvell’s theory, heparin in the circulating blood is combined to 
form a prothrombin-antiprothrombin complex. Thromboplastin in shed blood 
combines AAoth the heparin, freeing the prothrombin AA^hich is then actiAmted to 
thrombin by the calcium of the blood. 

Deducing from both theories, our A'iew is represented in the folloAving schema: 


Tliromboplastin 

Prothrombin complex 

. . 

Heparin — Complementary factor — InactiA’-e thi’ombin 

\ / 
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— Ca++ 
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Antithrombin 
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The complementary factor plus thrombin constitutes the prothrombin complex. 
According to this view, prothrombin, contrary to the theoiy of Morawitz, is only 
a precursor of thrombin in that in the heparin-prothrombin complex, preformed 
thrombin is merely inactivated by antithrombin which is composed of heparin 
and the complementary factor. Tlu’omboplastin in the presence of calcium and 
the complementary factor has its neutralizing effect upon heparin, thus activating 
the thrombin. Howell and Holt (14) have alread 5 ' shovm that heparin acts as 
an antithrombin only in the presence of proantithrombin.which is a thermolabile 
antecedent substance in plasma or serum. This substance was demonstrated 
by Quick (15) to be contained in albumin. Recentl}'’ Jaques and Mustard (16) 
and Ziff and Chargaff (17) have found this factor in the albumin fraction, but 
not as crystalline serum albumin. Contemporaneousl 3 ’- \vith these authors it 
was found by Stewart and Rourke (18) that in a particular fraction of plasma 
albumin the property of inactivating thrombin is resident. Howell’s contention 
that heparin has a direct inhibitoiy action in the first phase of coagulation (anti- 
prothrombin) was recentlj'' substantiated b}'- Brinkhous, Smith, Warner and 
Seegers (19). The findings of these authors demonstrate that, furthermore, 
plasma contains a first phase complementaiy factor which is essential for the 
antiprothrombin effect of heparin. This conclusion was verified by Astrup (20). 
Brinkhous et al. offer the hj’pothesis that the complementary factor is identical 
to the proantithrombin of Howell and also senses in the first phase of coagulation 
in combination with heparin as antipi’othrombin or antithromboplastin. From 
these recent researches, although definite e^ddence is lacking, it maj" be assumed 
that the antithrombin in the thrombin activation phase and the fibrinogen con- 
version phase are identical, namel}'-, heparin plus complementaiy factor. On 
the other hand, the hj^pothesis that the prothrombin complex consists of com- 
plementary factor and inactive thrombin has, at present, no experimental basis. 
It is of interest, however, that thrombin was activated from prothrombin by 
dialj'^sis and on standing in solution (21), bj’’ certain proteoljfficalty active snake 
poisons (22) and bj’’ trj'^psin (23). The classical theory expresses the specificity 
of thrombin action on the conversion of fibrinogen to fibrin (4, 24). There are 
several thrombin theories and we believe, ■ndth Howell, that in their development 
the solution of the problem is to be expected. 

On this basis we feel that the prothrombin time expresses the speed vdth which 
the activation of thrombin occurs, and the degree of concentration of the ac- 
tivated thrombin from the prothrombin complex. From this it might be inferred 
that the prothrombin time does not necessarilj'’ determine quantitatively the 
prothrombin content. Therefore it was preferred to use the current term “prO" 
thrombin time” instead of prothrombin concentration for the test. Ferguson 
(25) has demonstrated that inhibitors of the nature of antiprothrombin and 
proantithrombin influence the results obtained by the prothrombin time methods. 
He concluded that certain clinical anomalies as expressed b 3 '’ the prothrombin 
time ma 3 ’’ reside in the associated inhibitor variables and not in the “prothrombin 
perse”. It should be pointed out that Quick (7) stated that his test and the 
method of Smith et al. “are based on unproved assumption; therefore the validity 
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of the results which thej^ jdeld can be judged only by correlation vith clincial 
observation”. We believe that different preparations of thromboplastin may 
activate thrombin to varying degrees and rates when combining with the heparin 
of the heparin-prothrombin complex. 

SUMMARY 

1. The age of the rabbit up to six weeks has only slight influence upon the 
thromboplastic activity of their brains upon human plasma. Over three months 
the age has no significant effect. 

2. In chicken plasma the prothrombin time is rapidly increased upon standing 
at room temperature. 

3. The ratio of coagulation time of recalcified oxalated plasma to the prothrom- 
bin time was named “thromboplastin coefficient”. It was used to estimate the 
activity of a given thromboplastic substance. 

4. Rabbit skin and chicken skin exhibit thromboplastic activities to various 
degrees. 

5. Chicken brain and chicken skin have no activity with human plasma and 
most activity with cliicken plasma. 

6. The trend of apparent species specificity of thromboplastin is discussed. 

7. The marked discrepancy in prothrombin time of the same plasma due to 
various thromboplastins cannot be explained by the hloraivitz theory of blood 
coagulation. A concept which best explains this discrepancy is advanced. This 
concept is mainly based on Howell’s theory’’ and recent researches of other 
authors. 

I wish to acknowledge in}’- thanks to my colleague Dr. Joseph J. Lalich for 
his help in the experiments. * 
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A change of blood flow through any particular part of the vascular bed may be 
the result of a change in any one of the factors found by Poiseuille (1844) to 
determine the rate of flow of fluids through rigid tubes. These factors include 
the pressure, the dimensions of the tube, and the viscosity of the fluid. The 
vasomotor nerves act on the circulation by altering the dimensions of the blood 
vessels; their effects on the blood flow may be complicated, however, by simulta- 
neous changes of blood pressure or by the liberation of substances into the circu- 
lation which themselves alter the dimensions of the blood vessels. Another 
factor, not previously investigated, complicates the interpretation of changes in 
blood flow. It wll be shown in this paper that the effects of the vasomotor nerves 
are in large part the result of changes in the internal resistance (apparent vis- 
cosity) of the blood itself. 

The difficulties of separately evaluating the effects of each of these variables are 
largely responsible for the present lack of quantitative information about the 
part played by the vasomotor nerves in the control of the peripheral circulation. 
These difficulties have been overcome in the pump-lung inneiwated hindlimb 
preparation of the dog. The hindlimb muscles of anesthetized dogs are perfused 
with defibrinated blood from a pump-lung circulation while connections with the 
central nervous system are retained through the sciatic nerve. The pressure 
and the composition of the blood supplying the muscles are thus made inde- 
pendent of changes in the animal. The effects of the vasomotor nerves on the 
circulation can be studied quantitatively by reversibly blocking the nerve and 
recording the changes of blood flow. Finally the effects of the nerves on the 
apparent viscosity of the blood can be detected and measured by the methods 
described below. 

1. Methods. 1. Perfusion. The apparatus and technique of perfusion were 
similar to those used by Eggleton, Pappenheimer and Winton (1940) for the 
perfusion of the isolated kidney. In this form of apparatus the perfusion pres- 
sure may be adjusted to any constant value Avhich is essentially independent of 
the resistance of the perfused organ. The experiments involving perfusion AAuth 
Ringei s solution necessitated a second artificial circulation Avhich was connected 
with the pump-lung circuit in such a way that either blood or Ringer’s solution 
could be used to supply the limb. The composition of the Ringer’s solution was 
NaCl 0.9 per cent, KCl 0.042 per cent, CaCb 0.024 per cent and NaHCOs 0.03 
per cent. 

2. Pressure. The perfusion pressure was measured with a mercury manom- 
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eter. It was corrected for the difference in height between the manometer and 
the artery and for the pressure fall across the arterial perfusion cannula at any 
particular flow. The latter correction Avas obtained for each cannula b}' suitable 
calibrations on blood and on Ringer’s solution. 

3 . Blood flow. The venous outflow was measured Avith a stopwatch and meas- 
uring cylinder. It Avas also recorded continuously bj' the method of Gaddum 
(1929). 

4. Pressure-flow curves. The perfusion pressure Avas Availed in steps and the 
floAv corresponding to each pressure measured as soon as the Aoaa^ had reached a 
steadj^ value as indicated bj’’ the continuous record (fig. 1). Each measurement 
required about tAvo minutes. The results AA'^ere then plotted against time and 
the pressure-floAv cuiwe at any particular time Avas obtained hy interpolation. 

5. Oxygen saturation. The oxygen saturation was measured and recorded 
continuously by the methods of Kramer and Winton (1939) A\dth the modifica- 
tions described by Pappenheimer (1941). 

6. Infusion of adrenalin. Adrenalin Avas made up in saline and the solution 
evacuated in the Van Slyke apparatus. It Avas kept under oil in a capillary in- 
fiusion apparatus Avhich delKered 0.10 to 1.00 cc./min. AAithin an error of about 
±0.01 cc./min. 

7. Cooling the nerve. The sciatic nerve was encircled AAith a nickel-plated 
copper tube. The nen^e aa'Es protected from direct contact A\ith the metal bj’’ 
cotton moistened AAith saline. The tube could be connected ndth reservoirs con- 
taining ice and brine or AA’arm water. Thermometers AA'ere inserted near the 
infloAv and outflow and the temperature of the nerA'^e controlled bj’' A’-ar3’ing the 
rate of floAv of fluid in the tube. 

8. The innervated perfused hindlimb preparation. A dog AArnghing 10 to 20 
kgm. was anesthetized AAuth nembutal or Avith chloralose. The tendons of the 
tlrigh muscles, the insertions of AA'hich lie around and beloAv the knee-joint, were 
sectioned betAveen ligatures and the articulation opened beloAv the patella. The 
articular arteries and veins and the saphenous artery and vein were divided. A 
circular skin incision aa'Us made around the loAA^er part of the calf. The small 
saphenous vein (AA'hich receiA'es A'eins from the gastrocnemius muscle before it 
joins the posterior femoral A'ein) and the posterior femoral artery and A'ein AA'ere 
isolated and all their branches to the thigh muscles tied. A AAmdoAv AA’as made 
in the femur Avith a circular saw, some of the marrow removed and the cavitA' 
packed with cotton. The sciatic neiwe Avas dissected free of fat and the femoral 
artery and A^ein prepared for the perfusion cannulae. The blood supplj' of the 
tissues beloAV the knee aa'ss in this AA'a3’' confined to the femoral arter3’'. 

Duiing the first operation a second dog was anesthetized and the pump-lung 
preparation begun. The two operations AA’ere so timed that the limb AA’as read 3 '’ 
for perfusion one hour after starting the pump-lung circulation thus allowing 
time for “detoxication” of the blood b 3 ’’ the lungs. 

Excluding bone, about two-thirds of the tissues beloAv the knee are muscle. 
In a t 3 qiical preparation the sldn weighed 51 grams, muscles 121 grams, and bone 
179 grams. Onl 3 ' a small part of the skin appears to be perfused. Calculated 
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on the assumption that all the perfused tissue was muscle, the oxygen consump- 
tion was approximately 0.01 cc./gram/min. which is only slightly greater than 
the values obtained if special precautions are taken to confine the circulation to 
muscle (Pappenheimer, 1941). After some hours of perfusion a small leak may 
develop from the vessels around the cut surfaces of the skin. In our earlier ex- 
periments this leak was measured and recorded with a drop counter-, it rarely 




Fig. 1. The effects of coofing the sciatic nerve on the blood flow in the innervated per- 
fused hindlinib muscles. Dog, 14 Jigni. j'fembiitaJ. At C nerve cooled, at IF nerve warmed. 
Pressure-flow data with nerve warm obtained before and after cooling. I^ots 1, reversi- 
bility of effects of cooling,- 2, the effects of vasoconstriction on the slope and intercept of 
the pressure-flow' curve. 


amounted to moic than 3 per cent of ths total blood flow, Xiie experiments were 
generallj" tei-minated by edema of the lungs in the perfusion circuit 5 to 9 hours 
after the perfusion was begun. 

II. The EFFECTS OF COOLING THE NERVE. Figure 1 illustrates the effects on 
the blood floiv of cooling the nerve for a period of twelve minutes. It is seen that 
the blood flow measured at a pressure of 143 mm. Hg increased from 38 cc./min. 
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to 64 cc./min. where it remained constant. Pressure-flow data were obtained 
and the nerve was then warmed. Complete recoveiy of the nerve after these 
procedures is indicated by the return of the blood flow to 36 cc./min. at a pressure 
of 144 mm. Hg. In 61 similar experiments the nerve failed to recover twice 
although in a few instances recovery did not occur for several minutes. In five 
experiments in which the nerve was cut during a period of cooling no further 
changes of blood flow were observed. Curarization of the muscles had no de- 
tectable effect on the change of blood flow ivhen the nerve was blocked. 

It might be supposed that the change in blood flow at constant pressure which 
occurs when the nerve is blocked would be a quantitative measure of the degree 
of vasomotor acthdty. This is not in fact the case. It was found that for any 
constant degree of vasomotor tone the ratio of the blood flow mth the nerve 
blocked to the flow vfith the nerve active varied greatly vfith the absolute value 
of the perfusion pressure (fig. 5). The reasons for this variation become clear 
when the effects of vasoconstriction on the relation between the pressure and the 
flow of blood are examined. 

III. The effect of vasoconstriction on the relation between the 

PRESSURE AND THE FLOW OP BLOOD AND OP RiNGER’S SOLUTION. In the isolated 

perfused hindlimb in which the blood vessels were vfidely dilated by the addition 
of 0.1 per cent chloral hydrate to the perfusing blood, Whittaker and Winton 
(1933) found that the flow varied linearlj’- with the pressure over a wide range of 
flows. They observed that if the linear region of the pressure-flow curve were 
extrapolated to zero flow it intercepted the pressure axis at about 20 mm. Hg. 
The value of this extrapolated intercept was shoAvn to be increased when the 
visjcositymf the blood was increased by the addition of red blood corpuscles. 

A- Experimental. We have confirmed these findings in the isolated hindlimb 
muscles in which the blood vessels are unconstricted.^ However, if vasoconstric- 
tion is produced the relations between the pressure and the flow of blood are 
altered. Figure 2 shows the effect on the pressure-flow curve caused b}'’ the 
vasomotor tone in the innervated preparation and figure 3 shows a family of such 
curves obtained from an isolated hindlimb in which vasoconstriction was pro- 
duced b}'^ the continuous infusion of adrenalin into the perfusing blood. It is 
seen that the pressure-flow curves during vasoconstriction are linear only when 
the flows exceed certain values. Below these values the slopes diminish rapidly 
and the curves approach the origin. If the linear regions of these curves are 
extrapolated to zero flow (broken lines) they intercept the pressure axis at values 
which increase Avith increasing vasoconstriction (fig. 3). The effects of vasocon- 
striction on the pressure-flow curve of blood are therefore indistinguishable from 
the effects of an increase in corpuscular concentration. Dr. F. R. Winton 
informs us that he has observed a similar increase in the “intercept” when 
vasoconstriction is caused by pituitrin. 

The effects of vasoconstriction caused by adrenalin on the flow of Ringer’s 
solution are shovm in figure 4. The data were obtained from the same experi- 

1 Unconstricted has been chosen in preference to dilated because the vessels of the isolated 
hindlimb may be actively dilated by various agents. 
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ment as that shovn in figure 2 which illustrates the effects of vasoconstriction on 
blood. The double circulation technique was employed in order that the periods 
of Ringer perfusion might be limited to the few minutes required to obtain 
accurate pressure-flow data. That little edema occurred during the exposure to 
Ringer’s solution is suggested by the fact that both lines intercept the pressure 



Figs. 2, 3. The effects of vasoconstriction on the relation between the pressure and the 
flow of blood. Vasoconstriction caused by vasomotor tone in innervated preparation 
(fig. 2) and by adrenalin infusions in isolated preparation (fig. 8). Note 1, the curves are 
approximately linear at high flows and bend toward origin at low flows; 2, the effect of 
vasoconstriction is to increase pressure at which deviation from linearity occurs; 3, the 
extrapolated intercept on the pressure axis increases with vasoconstriction (broken lines) ; 
4, reversibility as indicated by times at which points on each curve were determined. 

axis near the origin. It is seen that no significant deviation occurred from a 
simple proportionality between pressure and flow. A similar experiment in 
which the vasoconstriction was caused by the vasomotor tone in the innervated 
preparation is shown in figure 6 (cuiwes 1 and 2). 

B. Discussion. The implications of these findings which bear directly on the 
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problem of measuring quantitativelj'- the degree of vasoconstriction may best be 
considered in terms of the resistance to flow. 


The total resistance to flow is defined as the pressure per unit rate of flow. For the 
laminar flow of liquids through small tubes we have from Poiseuille’s Law, 


T, • P SI 

Resistance = — = X — 
F irr* 


.w(i) 


where P = pressure in dynes per cm.“, F = flow in cm.’ per second, tj = viscosity in dyne- 
seconds per cm.’, I = length in cm. and r = radius in cm. It is seen that the resistance to 
flow is the product of two terms, (a) the internal (viscous) resistance of the liquid, (b) a 
factor which is determined by the dimensions of the tube. If the viscosity of the liquid is 
independent of the flow (homogeneous liquid) then a deviation from proportionality be- 
tween pressure and flow indicates a change in the dimensions of the tube with flow as re- 
quired by Equation i. If the dimensions of the tube are constant (rigid tube) then a devia- 
tion from proportionality between pressure and flow indicates a change in the viscosity of 
the liquid with flow. This type of change is characteristic of the flow of suspensions (Bing- 
ham 1922) and the viscosity at an 5 ^ particular flow is often termed the apparent viscosity. 

1. The resistance to the flow of Ringer's solution. For any constant degree of 
vasoconstriction the flow of Ringer’s solution has been found to be proportional 
to the pressure (fig. 4) . This relation betiveen pressure and flow is characteristic 
of the laminar flow of liquids through rigid tubes, and it implies that over the 
range of pressures investigated (10 to 160 mm. Hg) the average dimensions of the 
vascular elements responsible for the resistance to flow are not significantly 
altered. It implies further that the viscosity is independent of the flow and that 
at constant pressure a change of Ringer flow is a result solel}'’ of a change in the 
dimensions of the blood vessels. The ratio of the Ringer flow vith the nerve 
blocked to the flow vdth the nerve active (constant pressure) may therefore be 
expected to be a quantitative measure of the effects of the vasomotor nerves on 
the average dimensions of the blood vessels. 

2. The resistance to the flow of blood. In contrast to the flow of Ringer’s solution 
the flow of blood is not proportional to the pressure. In the unconstricted vessels 
the deviation from proportionality is small and the pressure-flow curve reaches 
the linear part of its characteristic at pressures which are well below the phj^sio- 
logical range (fig. 2, curve 1 ; fig. 3, curve 1 ; fig. 6, curve 3). During vasoconstric- 
tion the de^dation from proportionality is greatly increased and the pressure-flow 
cuiwe may not reach its final, approximately linear slope until pressures of 100 
mm. Hg or more are exceeded (fig. 3, curves 3 and 4). Under these conditions 
the resistance to flow decreases greatly’' as the flow increases with pressure. For 
example, in figure 3, curve 3, the resistance at a flow of 20 cc./min. was 50/20 
= 2.5 mm. Hg per cc. per min. whereas at a flow of 120 cc./min. the resistance was 
150/120 = 1.25 mm. Hg per cc. per min. Since no corresponding changes occur 
with Ringer’s solution (preceding paragi’aph), the decrease of resistance with 
flow of blood may be considered as a decrease in the internal resistance (apparent 
viscosity) of the blood itself. A change of blood flow brought about by vasocon- 
sti'iction (at constant pressure) is therefore a result of a change in the apparent 
viscosity of the blood as well as of a change in the dimensions of the blood vessels 
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and the ratio at constant pressure of the blood flow in the unconstricted vessels 
to the flow in the constricted vessels (abbr. Rb) may be expected to vary with the 
pressure. Figure 5 shows the variation of Rb with pressure for each of the states 
of vasoconstriction shovTi in figures 2 and 3. Cun’^e 4, figure 3, is not included 
because it cannot be conveniently plotted on the same scale. It is seen that as 
the pressure increases the rate of diminution oi Rb with pressure decreases. At 
very high pressures (?? -^ <» ) the influence of the anomalous departures of the 
pressure-flow curves from linearity becomes negligible and Rb approaches the 
ratio of the slope of the pressure-flow curve in the unconstricted vessels to the 



Fig. 4. The effects of vasoconstriction on the relation between pressure and flow of 
Ringer’s solution. Note 1, that both curves are straight lines going through a point near 
the origin ; 2, that the slope is in each case the reciprocal of a resistance which is independent 
of the flow at which it is measured. 

Fig. 5. The variation with pressure of the ratio of the blood flow in the unconstricted 
vessels to the flow in the constricted vessels. The curves depict three different constant 
degrees of vasoconstriction plotted from the data of figures 2 and 3. In the physiological 
range of pressures Rb varies with pressure and cannot therefore be used as a measure of the 
vasomotor tone. With increasing pressure R b approaches a limit which is equal to the ratio 
of the slopes of the pressure-flow curves (1.23, 1.58 and 1.98 in the examples shown above). 
This limit is proposed as a quantitative measure of the degree of vasoconstriction as ex- 
plained in text. 

slope of the pressure-flow curve in the constricted vessels. Under these condi- 
tions we thought it probable that Rb would be determined solely by the change 
in the dimensions of the blood vessels. If this is the case then for any constant 
degree of vasoconstriction the ratio of the slopes of the pressure-flow curves on 
Ringer in the unconstricted and in the constricted blood vessels should be equal 
to the ratio of the slopes of the pressure-flow curves on blood in the unconstricted 
and in the constricted vessels, both slopes being measured at high pressures over 
the linear parts of the pressure-flow curves. 

IV. Evidence th.\t during any constant degree of vasoconstriction 
THE ratio of the RiNGER FLOWS AT CONSTANT PRESSURE IS APPROXIMATELY' 
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EQUAL TO THE RATIO OP THE SLOPES OP THE PRESSURE-PLOW CURVES ON BLOOD 
MEASURED OVER THE LINEAR PARTS OP THEIR CHARACTERISTICS. In four OUt of 
five experiments performed to test this hj^pothesis the double pump-lung inner- 
vated preparation was used and different states of vasomotor tone were induced 
by bleeding the animals. The last experiment was performed on the isolated 
curarized limb and vasoconstriction was produced by stimulating the sciatic neive 
vdth 60 cycle A.C. from a constant voltage source. The design of each experi- 
ment was as follows: 

1. Pressure-flow curves of six or more points each were obtained on blood vdth 
the nerve warm until a steady state was reached. 

2. The nerve was cooled and a pressure-flow curve obtained. 

3. The nerve was warmed and one or two points taken to ascertain whether the 
vasomotor tone was steady. 

4. The limb was “svdtched over” to the Ringer circulation and pressure-flow 
curves of two or three points each were obtained as quickly as possible in the fol- 
lovdng order: a, innervated; b, nerve cooled; c, innervated. 

5. The blood chculation w^as restored and steps (1) and (2) repeated. 

In the electrical stimulation experiment this sequence was modified to avoid 
exposing the limb to Ringer’s solution during the period of recovery from stimu- 
lation. For this reason comparisons of the Ringer flows in the constricted and 
unconstricted vessels w'ere made at rather long intervals and are not as reliable 
as in other experiments. 

Owing to the number of data required ive w'ere unable to reduce the periods of 
Ringer perfusion to less than ^ hour and edema developed in some experiments. 
The development of edema manifests itself in the pressure-floiv curve by a gradual 
reduction of slope which in the case of Ringer perfusion affects both the con- 
stricted slope and the unconstricted slope in the same proportion. Since we are 
primarily concerned with ratios such changes are not of critical importance. 
More serious are real changes of vasomotor tone wRich may have occurred during 
the measurements. Such changes would criticalljf affect the results if they oc- 
curred between steps (3), (4a) and (4b) and these procedures general!}^ required 
15 minutes to complete. In the absence of direct evidence as to whether or not 
such changes occurred we can only refer to the consistency of the results and the 
fact that in three of the experiments the vasomotor tone measured by the ratio 
of the slopes of the pressure-flow^ curves on blood was the same before and after 
the cjmle of measurements. 

The best of these experiments is illustrated in figure 6. It is seen that the 
pressure-flow curve on blood "with the nerve, w’arm was the same before, during, 
and after the steps outlined above. Data from all the experiments are showm in 
table 1. Without exception the ratio of Ringer flow to blood flow at constant 
pressure (apparent viscosit}^ wns increased as a result of vasomotor actmty. 
With the exception of the last experiment which for reasons given above wns 
technically the least satisfactory, the ratio of the Ringer flow’s approximated the 
ratio of the slopes of the pressure-floiv curves on blood. The average of our 
7 measurements of the appai’ent Auscosity at a pressure of 80 mm. Hg with the 
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vessels unconstricted was 2.5 as compared with the average value of 2.2 found 
under similar conditions by Whittaker and Winton (1933). During vaso- 
constriction caused by vasomotor nerves, however, the apparent viscosity 
measured in the same way averaged 3.6. According to the data of l^Tiittaker 
and Winton this would correspond with a corpuscular concentration of 70 
per cent in the isolated preparation. 

The results of the double circulation experiments shown in table 1 enable us 
with some confidence to make the follomng computations from the characteris- 
tics of the pressure-flow curves on blood. 

1. The ratio of the total resistance to blood flow at constant pressure 'with and 


without vasoconstriction = 


Po ^ Po 

Flow (constricted) ’ Flow (unconstricted) 


= Rb- 



Fig. 6. Evidence that during any constant degree of vasomotor tone the ratio of the 
Ringer flows at constant pressure (1.25) is approximately equal to the ratio of the slopes 
of the pressure flow curves of blood measured over the linear parts of their characteristics 
(1.30). Double pump-lung innervated preparation. Note 1, reversibility of experiment 
as indicated by times at which points on curves were obtained; 2, the pressure-flow curve 
of blood (4') which would have resulted had there been no change of apparent viscosity. 

2. The ratio of the Ringer flows at constant pressure ^vithout and with 
vasoconstriction. This quantity is independent of the pressure (fig. 4) and of 
the viscosity (p. 192). For reasons given in the discussion we propose to adopt 
it as a measure of the vasomotor tone (V.T.). 

y.T. = Rr = 'Kc/Xiv Avhere c and w refer to nerve cooled and nerve warmed 

respective^ 

3. The ratio of the apparent viscosities of the blood at constant pressure 
with and without vasoconstriction. 


^10 Rb Rb 

~ v:t. 

V. Statistical. The effects of vasoconstriction on the pressure-flow curves 
of blood have been studied in 16 hindlimbs. Nineteen pairs of curves were 

obtained from inneivated preparations in vdiich the vasomotor tone ranged 

« 
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from 1.2 to 2.5. Eight sets of curves were obtained from isolated prepara- 
tions in which the tone ranged from 1.1 to 5.4. 

Without exception vasoconstriction increased the apparent viscosity of 
the blood. However, the percentage increase of apparent viscosity associated 

TABLE 1 

Comparison of Ringer pressure-flow curves with blood pressure-flow curves 
Double pump-lung innervated perfused hindlimb preparation 
Rb = Blood flow (unconstricted) -a Blood flow (constricted). 

Rr = Ringer flow (unconstricted) -a Ringer flow (constricted) . 

X = Slope of pressure-flow curve over linear part of characteristic. 

■n = Apparent viscosity of blood (Ringer flow -A Blood flow). 

0,1 = Subscripts referring to unconstricted and constricted vessels respectively. 


EXPERIMENT NUMBER | 
AND TYPE 1 

PERP. PRESS. 

Rb 

Rr 

XoAi 

’70 

VI 


mm. Eg 1 






1. Isolated 

40 




3.1 



80 

1 



2.1 



120 




1.9 


2. Innervated 

40 

2.7 



2.0 

3.0 


SO 

2.0 

1.8 

1.6 

1.8 

2.0 


120 

1.8 



1.7 

1.8 

3. Innervated 

80 

3.0 

9 A 

9 9 

2.7 

3.1 


120 

2.6 



2.5 

2.5 

4. Innervated 

40 

1.6 



3.5 

4.2 


80 

1.5 

1.4 

1.3 

2.9 

3.1 


120 

1.4 



2.7 

2.8 

4. Innervated 

40 

2.1 



2.8 

4.7 


80 

2.0 

1.25 

1.3 

2.5 

3.9 


120 

1.7 



2.3 

3.1 

5. Innervated 

40 

3.2 



3.4 

7.6 


80 

2.3 

1.4 

1.3 

3.0 

4.9 


120 

1.8 



2.8 

3.1 

'6. Electrical stim. 

40 

2.4 



2.7 

5.0 


80 

2.5 

1.35 

2.0 

2.5 

4.4 


120 

2.2 • 



2.4 

4.0 


Mean and standard deviation at pressure of 80 mm. Hg (average hematocrit — 40%) : 
7)0 = 2.5 ± .4. 7)1 = 3.6 ± 1.0. 


with any particular degree of vasoconstriction varied widely from one hind- 
limb to another. Thus in two preparations vdth a vasomotor tone of 1.30 
the percentage increase of apparent xdscosity at a pressure of 80 mm. Hg was 
in one case 21 per cent, in the other 80 per cent. For the purpose of assembling 
the data in compact form we have constructed table 2 without reference to 
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differences in vasomotor tone. The standard deviations thus include differ- 
ences resulting from different vasomotor tones as well as deviations observed 
from one preparation to another. The means are therefore useful only for 
orders of magnitude and for relative changes of viscosity with pressure. 

VI. Discussion. 1. The changes of apparent viscosity. The dimensions of 
the vascular bed in the hindlimb muscles perfused under the conditions of 
our experiments are evidently such that even a small degree of vasoconstric- 
tion is sufficient to increase the apparent viscosity of the blood. The sympa- 
thetic nerves appear to owe much of their effectiveness in the control of the 
blood flow to the anomalous physical properties of the blood. The effect on 
the blood flow of a given change in the average dimensions of the blood vessels 
is augmented by the simultaneous change in the apparent viscosity and the 
amount of change is greatest at low pressures where an increase of peripheral 
resistance becomes of greatest importance to the animal. During the vaso- 
constriction accompanying hemorrhage, for example, the effective increase of 

TABLE 2 

The effects of vasoconstriction on the apparent viscosity of the blood 


Data compiled from 24 sets of pressure-flow curves obtained from 16 hindlimbs in which 
the vasomotor tone was 1. 0-2.5. 

Means, standard deviations, and deviations of means. 


PERTUSIOK PRESStTRE 

PER CENT INCREASE OF APPARENT 
VISCOSITY 

1 

1 PER CENT OF TOTAL CHANGE OF 

resistance doe to increase op 
APPARENT VISCOSITY 

mm./Bg 



40 

78 ±62 (±18) 

39 rtlS (db5) 

60 

61 ±47 (±11) 

40 ±18 (±5) 

80 

49 ±36 (± 4) 

35 ±18 (±4) 

100 

34 ±18 (± 4) 

30 ±16 (±3) 

120 

25 ±17 (± 4) 

26 ±15 (±3) 


resistance of the perfused muscles is often double that which would occur with- 
out change of apparent viscosity. 

It was noted by Whittaker and Winton (1933) that the absolute value of 
the blood flow through isolated hindlimbs at any given pressure varies greatty 
from one preparation to another although the apparent viscosity of the blood 
is relatively independent of such variations. The results of the present experi- 
ments imply that these differences of flow are due to differences in the number 
of perfused vascular elements rather than to differences in their average dimen- 
sions, for in the latter case considerable variations in the apparent viscosity 
would be expected. For example, in two isolated hindlimbs, A and B, the 
blood flows measured at a pressure of 130 mm. Hg were 150 cc./min. and 52 
cc./min. per 10 kgm. dog respectively. The apparent viscosity of the blood 
was in each case approximately the same as indicated by the pressure-flow 
curves. Vasoconstriction was then produced in A until the blood flow measured 
at 130 mm. Hg was the same as that in B (52 cc./min.). As a result of the 
vasoconstriction the apparent viscosity of the blood was increased 70 per cent. 
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The finding that the apparent viscosity of the blood is increased during 
vasoconstriction appears to conflict with the observations of Fahraeus and 
Lindquist (1931) on the flow of blood in glass capillaries. These authors found 
that at a pressure of 100 mm. Hg the apparent viscosity of the blood was de- 
creased as the diameter of the capillary was decreased from 0.3 to 0.04 mm. 
However, they found it “impossible to press the blood through still narrower 
tubes,” and presumably the apparent viscosity was increased in this range. 
It seems desirable that the factors affecting the flow of blood through small 
capillaries be reinvestigated over a wide range of pressures. 

2. The quantitative measure of the vasomotor tone. E\ddence has been ob- 
tained that the ratio of the slopes of the pressure-flow curves of blood in the 
unconstricted and constricted vessels of the hindlimb muscles may be con- 
sidered as equivalent to the ratio of the slopes of the pressure-flow curves of 
Ringer’s solution under the same conditions. The evidence suggests that this 
ratio is independent of the viscosity and depends solel}’' upon the change in 
the average dimensions of the blood vessels (p. 193). In the innervated 
preparation the ratio of the slope mth the nerve blocked and with the nerve 
active has been obtained and in this case the ratio may be considered as a 
measure of the vasomotor tone. Its value has been found to vary from 1.0 
(no vasomotor tone) to about 3.5 (large tone produced by hemorrhage) and it 
may be measured wuthin an error of about ±10 per cent. 

Reasons have been given above for supposing that the average dimensions 
of the unconstricted vessels are not greatlj’- different in the muscles of different 
dogs. A change in the average dimensions of the blood vessels brought about 
by any particular degree of vasoconstriction w'ould therefore be expected to be 
the same in the muscles of different animals. This implies that the effects on 
the vasomotor tone (measured as described above) of any particular experi- 
mental procedure are quantitatively comparable in the muscles of different 
experiments. 


SUMMARY 

1., The hindlimb muscles of anesthetized dogs were perfused with de- 
fibrinated blood at constant pressure from a pump-lung circulation. The 
sciatic nerve to the muscles was left intact. At intervals the nerve was re- 
versibly blocked by cooling and the changes of blood flow measured at different 
perfusion pressures. The blood perfusion could be interrupted b}'' periods of 
Ringer perfusion. 

2. With the blood vessels unconstricted (nerve blocked) the relations 
between the pressure and the fiow^ of blood or of Ringer’s solution w'ere similar 
to those found bj’" T\fluttaker and Winton (1933) in the isolated Irindlimb 
(figs. 2, 3, 4, 6). 

3. During vasoconstriction the followung changes occur in the pressure-flow' 
curves: a. The pressure at which the pressure-flow' curve of blood becomes 
approximate^' linear is increased. Below' this pressure the slope diminishes 
and the curve approaches the origin. The extrapolated intercept of the linear 
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part of the curve increases with increasing vasoconstriction (figs. 2, 3, 6). b. 
The Ringer pressure-flow curve is a straight line which intercepts the pressure 
axis at or near the origin. Its slope is diminished by vasoconstriction but its 
intercept is unaffected (figs. 4, 6). 

4. The apparent relative viscosity of the blood (ratio of Ringer flow to blood 
flow at constant pressure) is increased during vasoconstriction. The amount 
of increase varies in different muscles and in the same muscles with the degree 
of vasoconstriction and with the pressure (fig. 5). Extreme values for blood of 
normal corpuscular concentration are 2 to 8. At normal pressures the change 
of apparent viscosity accounts for about ^ of the total change of resistance to 
blood flow caused by vasoconstriction (table 2). 

5. For any constant degree of vasoconstriction the ratio of the Ringer flows 
at constant pressure in the unconstricted and in the constricted blood vessels 
is approximately equal to the ratio of the slopes of the pressure-flow curves of 
blood in the unconstricted and in the constricted vessels, both slopes being 
measured over the linear parts of their characteristics. 

6. The evidence suggests that this ratio is independent of the viscosity and 
is a measure of the change in the average dimensions of the blood vessels. In 
the innervated preparation it is proposed as a measure of the vasomotor tone. 
Its value has varied from 1.0 (no vasomotor tone) to about 3.5. Reasons are 
given for supposing that the measure is quantitatively comparable in the 
muscles of different experiments. 
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The important role of the pituitaiy in nitrogen metabolism has been evident 
since the recognition that growth in higher animals is largelj'' controlled by this 
gland. The pioneer work of Teel and Watkins (1, 2), Gaebler (3-5), and Lee and 
his associates (6-9), has clearl}’" demonstrated that the gain in bodj’’ weight which 
can be produced with pituitarj'- implants or extracts is associated with a de- 
crease in nitrogen excretion and with a lowering of the concentration of blood and 
tissue nonprotein nitrogen constituents. All these changes were generally re- 
garded as caused by the growth hormone, although rigidly purified growth- 
promoting preparations had never been used for such studies. The development 
in this laboratory of methods for the preparation of the six “accepted” pituitar}'’ 
hormones in comparatively pure state has enabled us to investigate the action of 
each of these on the various constituents of the nonprotein nitrogen of rat blood. 
A similar study of the action of the purified hormones on urinary nitrogen excre- 
tion has been performed bj'’ W. Marx (10). 

Experimental material, conditions and methods. Animals. Normal 
plateaued female rats were used for the major poi’tion of these experiments, 
approximately 650 in all, manj’' of which had previouslj’" been used for assay of 
growth hormone. However, if at least a week were allowed to elapse between 
their last injection for growth hormone assay and use in these experiments, such 
rats were found not to differ from previousl 3 ’’ unused rats in the nitrogenous com- 
ponents of their blood and in their responsiveness to hormone treatment. All 
rats were fasted 28 hours before blood samples were taken for analysis. Injec- 
tions were made intraperitoneally, generallj’’ in 1 cc. doses, 4 hours before blood 
samples were taken. 

About 120 hj'pophysectomized animals of several types were also employed. 
Normal plateaued female rats were hypophysectomized 2 days before being 
sacrificed for blood samples. Another group of plateaued female rats was hypo- 
plysectomized 2 weeks prior to the experiment, and still another group was about 
6 weeks postoperative when used. The male lij'^poph^'-sectomized rats were 2 
months old at operation and 1 month postoperative at the time of the experiment. 
The completeness of operation was checked in all cases at autopsj^ and onty com- 
pletelj’^ hj’pophysectomized animals were included in the tables. To counteract 

^ Aided by grants from the Research Board of the University of California, from the 
Rockefeller Foundation, and from Parke, Davis and Company. Assistance was rendered 
by the Work Projects Administration, Official Project no. 265-1 -OS-80, Unit A-5. 
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the hypoglycemic tendency of fasting hj^pophysectomized animals, glucose ^yas 
administered once or tmce during the fasting period. 

Three groups of female rats were thyroidectomized between 2 and 2.5 months 
of age and the experiments performed Avhen they were 4 months old. The com- 
pleteness of the operation was checked by determination of their basal metabolic 
rate, part being done in a Benedict apparatus, and part in a modified Haldane 
set-up. The retardation of growth of the operated rats was used as an added 
index to the completeness of operation. In all doubtful cases the thyroid region 
was examined under the binocular at autopsy and sections made for histological 
examination. Those animals considered to be incompletely thyroidectomized 
were not included in compilation of results. Sixty-two completely thyroidec- 
tomized animals were used. 

The hormone preparations used in this investigation Avere similar to those em- 
ployed in other metabolic studies carried out in this laboratory (11). The lacto- 
genic hormone and part of the interstitial-cell stimulating hormone (ICSH, LH) 
fractions used Avere physico-chemically pure. The adrenocorticotropic hormone 
contained some lactogenic activity. Part of the groAvth hormone preparations 
gave eAudence of adrenocorticotropic hoi'mone contamination, but all contained 
less than 1 per cent of other knoAvn hormones. This purification Avas achieved 
by cysteine treatment and isoelectric precipitations (12, 13). The growth po- 
tency ranged from 20 to 50 units per mgm. The thyrotropic preparations were 
contaminated only Avith ICSH (10-20 per cent). The dose necessary to produce 
bod3’--Aveight gains in hypophysectomized rats indicated about 1 per cent of 
groAA'th hormone contamination in these thyrotropic preparations. HoAA’eA’’er, 
in Anew of the fact that similar Aveight gains can be produced by thyroxin in such 
rats (11) and also in vieAV of the Avell established synergism betAA^een gi'OAvth hor- 
mone and thyroxin (14) or thyrotropic hormone (15), this apparent groAvth 
hormone contamination of 1 per cent can only be regarded as a maximum figure. 
The thyrotropic fractions Avere prepared in the usual manner (16) and contained 
about 50 chick units per mgm. 

Methods. Blood AA'^as draAvn from the inferior A'^ena cava of animals under 
ether anesthesia, sodium oxalate being used as anticoagulant. Three cubic cen- 
timeters of blood AA'ere taken to alloAv for separate determination of urea, amino 
acids, and nonprotein nitrogen and analysis of other nitrogenous substances 
upon the remaining filtrates AAdiich Avere pooled according to groups. Separate 
samples of Avhole blood Avere used for determination of hemoglobin and serum 
protein. 

Preparation of protein-free filtrates Avas carried out by the method of Folin and 
11 u (!/)• h'lore filtrate AA’as obtained if centrifuging Avere substituted for the 
filtration recommended. The determination of alpha-amino acids Avas made 
according to the method of Folin (18), color intensity hoAA'ever being determined 
by means of a photoelectric colorimeter (IHett). Nonprotein nitrogen Avas 
determined by the microKj eldahl method. Urea Avas determined by the distilla- 
tion method of Folin and Svedberg (19) AAith a slight modification, namely that 
the receiver contained 4 ce. 0.01 N HCl, the remaining acid being back-titrated 
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with 0.01 N NaOH. On the combined filtrates total creatinine was determined 
by the method of Rose, Helmer, and Chanutin (20), and uric acid according to 
the method of Folin (21). 

Peptide nitrogen was determined b 3 '- 2 different methods. That given by 
Snell (22) permitted estimation of higher peptides by the difference in the nitro- 
gen content of phosphotung.stic and trichloracetic acid filtrates of the serum. 
Nitrogen content of these filtrates was determined by microKjeldahl. The lower 
peptides present in the usual tungstic acid filtrate were determined by taking the 
difference in alpha-amino acids before and after hydrolysis. Hydrotysis was 
carried out by heating 4 cc. aliquots of filtrate with 0.5 cc. concentrated sulfuric 
acid for 8 hours at 133°C. in atr oil l)ath. Solutions were neutralized with 70 per 
cent sodium h.ydroxide and the Folin procedure was followed for amino acid de- 
termination. 

^¥hole blood was used for the determination of hemoglobin concentration by 
the method of Sanford, Sheard and Osterberg (23). Total serum protein was 
determined by microKjeldahl method. 

Muscle (gastrocnemius) and liver protein-free filtrates were prepared accord- 
ing to the method of Schafer and Lee (9). The determinations of the various 
nitrogen constituents were carried out as on the blood filtrates. 

The authors are indebted to Dr. W. O. Reinhardt for performing most of the 
thyroidectomies and to Miss F. Carter for the hj'pophysectomies; also to h'lr. V. • 
V. Herring for assistance in the collecting of blood samples and for the deter- 
minations of oxygen consumption b}'’ the Haldane apparatus. The purified 
ICSH, lactogenic and part of the growth hormone preparations were kindlj’’ 
supplied by Drs. C. H. Li, W. R. L^mns and W. hlarx, respectively. 

Results and discussion. The reader is referred to the tables for detailed 
results. Tables 1 to 3 give results of representative experiments and tables 4 to 
6 summarize all the data obtained during these studies. It is evident that crude 
alkaline extracts of beef anterior pituitaiy and globulin fractions prepared from 
such e.xtracts caused the expected decreases in the blood nonprotein nitrogen, 
and in urea and amino acids in particular (table 1, 1 a, b ; table 4, 1,2). Purified 
growth hormone, however was found not to cause a change in blood urea under 
the conditions of these experiments®; it produced smaller decreases in amino acids 
than elicited by cruder extracts; insignificant decreases in nonprotein nitrogen, 
corresponding and probabb'- due to those of the amino acids were observed (table 
1, 2 a; table 4, 3). 

In search for the active principle contained in the unfractionated extracts, the 
other known pituitaiy hormones were tested, i.e., th 3 notropic, lactogenic, adreno- 
corticotropic, and the gonadotropic hormones. Of these, only tltyrotropic 
hoi’mone was found to be effective. This hormone was regularb’" observed to 
cause, mthin four hours, decreases in blood nonprotein nitrogen and in particular 
in blood urea; it also caused a drop in amino acids, at smaller doses than are 

’ Recent results indicate that growth hormone causes decreases in blood urea, more 
strikingly in hypophysectomized than in normal rats, when the hormone is administered for 
longer time periods. 
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needed in the case of the globulin fraction or purified growth hormone prepara- 
tions (table 1, 2 b, c, 4 a, 5 a; table 4, 4). No significant decreases in the nom 


TABLE 1 


Effects of various hormones on blood nonprolcin nitrogen constituents of normal rats 


EX- 

PERI- 

ilENT 

NUJf- 

BER 


aOKilONE SKEPARATIOS 

NPN 

•urea-N 

Type of hormone Dose 

Average Change S* 

Average jchange j S 


AMINO ACIP-N 


Averagcj Change 


S 


Experiments 1-4: Injected 4 hours before taking of blood samples (10 rats per group) 


a 

i'^ 

c 

d 

Globulin fraction 
Globulin fraction 
Adrenocorticotropic 
Controls 

m^nt. 

1 

4.0 
0.5 

2.0 

mgm. 
per cent 

32.2 

34.6 

41.6 

37.2 

Per cent 

-13 

-7 

: -f -12 

s 

ns 

ns 

mgm. 
per cent 

14.3 

15.2 

21.5 

19.1 

per cent 

-25 

-20 

+13 

1 

hs 

hs 

1 ns 

mgm. 
per cent 

6.9 

8.3 

9.0 

9.0 

i 

per cent 

-23 

-8 

0 

hs 

s 

a 

Growth 

3.0 

41.3 

1 

-3 

ns 

13.6 

0 

1 

1 

1 

7.0 

-20 

hs‘ 

9 ^ 

Thyrotropic 

3.0 

36.8 

-14 

hs 

8.7 

-33 

hs 

7.0 

-20 

hs 

C 1 

Thyrotropic 

0.5 

36.8 

-14 

hs 

11.2 

-19 

hs 

7.0 

-20 

hs 

d 

Controls 

1 

42.6 

] 



13.6 

1 



8.7 




Lactogenic 

! 

2 . 0 ' 

36.6 

-1 

ns 

11.7 

-3 

ns 

8.9 

+ 11 j 

hs 

^b 

Controls 


36.9 

j 


12.0 



8.0 1 

1 


a 

Thyrotropic 

1.0 

37.6 

-9 

s 

10.4 

-29 

11 

7.6 

1 

hs 

4b 

Thyroxin 

0.1 

38.8 

-6 

ns 

12.9 

-12 

H 

7.6 

-9 i 

hs 

c 

Thyroxin 

0.02 

40.0 

-3 

ns ' 

13.9 

-5 

ns 

7.9 

-5 

s 

d 

Controls 


41.4 



14.7 



8.3 




Experiment 5: Injected 5 times within 52 hours preceding taking of blood samples! 

(12 rats per group) 


a 

1 Thyrotropic 

2.5 1 

33.2 1 

-8 

ns ! 

11.7 ! 

-27 

hs 

7.9 

_4 

ns 

5 b 1 

Thyroxin 1 

0.25 

35.7 1 

-1 

ns 1 

12.8 1 

-21 

s 

8.7 

+6 1 

ns 

c 

Controls 

1 

36.1 



16.1 

1 


8.2 

1 



* S denotes Statistical Significance of the difference between the mean of treated and 
control groups; s = significant, hs = highly significant and ns = not significant; Standard 
Errors of the Differences between Means was calculated according to formulas for small 
samples (Outline of Statistical Methods, H. Arkin and R. R. Colton, 4th Ed! College Out- 
line Series, p. 127). Following the usual table for t values, differences which approached 
or exceeded 3 times their error were called highly significant, those in which this ratio was 
between about 2.1 and 2.9 significant, the rest not significant. 

t Administered one fifth the dose at 9 a.m. and 3 p.m. on first and second day and at 
9 a.m., 4 hrs. preceding autopsy on the third day. Limited and identical amounts of food 
given on first day, fasted on second day; Urine N determined by W. Marx (10): First day: 
Thyroj.ropic Hormone 176 mgm.. Thyroxin 218 mgm.. Controls 228 mgm.; on second day: 
137, 176, 186 mgm. respectively. 


protein nitrogen constituents were obtained with the other purified pituitary 
hormones (table 1, 1 c, 3 a; table 4, 5-7). 
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With the surprising finding that th 5 'Totropic hormone appeared to be primarily 
responsible for the early blood nonprotein nitrogen changes^ provoked by pitui- 
tary extracts, the question presented itself whether this action was a, mediated 
by the thyroid gland, or h, due to a direct action of the thyrotropic hormone, or c, 
caused by another hormone regularlj’- contaminating the former. To determine 
Avhether the action of the thju'otropic honnone was mediated by the thyroid, two 
types of experiments were performed: the action of th 5 a-oxin was studied, as well 
as the effect of thyrotropic hormone in thj'-roidectomized rats. As indicated in 
the tables (table 1, 4 b, c ; table 4, 8), thyroxin caused a drop in blood urea, though 
to a less marked degree than tlijn-otropic hormone, in the four-hour test. Since 
thju'oxin is known to act very slowly, a number of experiments were performed 
in which this hormone was allowed to act for 24 and 52 hours. It Avas then 
found to loAver blood-urea levels almost as effectively as did the thyrotropic 
hormone, while its effect on blood amino acids was doubtfuP (table 1,5 b). 

Conversely, the administration of thyrotropic hormone to thyroidectomized 
,rats caused only insignificant decreases in blood urea, while still decreasing blood 
amino acids® (table 2; table 5, 1). Both the action of thyroxin in normal rats 
and that of thjn-otropic hormone in thyroidectomized rats seem to indicate that 
the latter affects blood urea through stimulation of the thyroid Avhile its action 
on amino acids maj'- be direct. 

From these experiments it appears that the action of thyrotropic hormone on 
blood nonprotein nitrogen constituents is mainly, but not entirely, mediated by 
the thyroid gland. The question still remains whether that part of its effect 
(primarily on the amino acids) which can be elicited also in the absence of the 
thju’oid is due to a direct action of the tltyrotropic hormone per se or to another 
factor contaminating thjwo tropic preparations. The onl}’’ known contaminants 

^ Thyroxin was administered only for short periods of time (4-52 hrs.) and at compara- 
tively low doses (0.02-0.25 mgm.). This was done since it was intended to duplicate the 
conditions under which low doses of thyrotropic hormone elicit certain effects within four 
hours. It is recognized that the physiological effects of thyroxin observed under such con- 
ditions may be very different from those characterizing the hyperthyroid state. This was 
indicated when in one experiment blood nonprotein nitrogen values of hyperthyroid rats 
were compared with those of controls (0.04-0.05 mgm. thyroxin daily for 11 days; O 2 con- 
consumption 25 per cent above controls) ; nonprotein nitrogen was found increased (-f-12 
per cent), changes in urea and amino acid nitrogen not significant. Similar differences 
between the physiological action of thyroxin and hyperthyroidism have been demonstrated 
to occur in regard to growth (14), pancreatic insulin content (24), etc. 

^ The oxygen consumption of apparently completely thyroidectomized rats ranged from 
98 to 131 l./m.V24 hrs. No correlation between the oxygen consumption and the blood ni- 
trogen values could be observed. In one experiment a new method for determining the 
completeness of thyroidectomy was applied b 3 ' W. 0. Reinhardt (25). This consists in 
treating the operated rats with radioactive iodine, then preparing radio-autographs of the 
entire region in Avhich remnants or accessorj' thi-^roid tissue might be expected. Bj' this 
procedure small centers of iodine concentrating tissue were found in a number of rats which 
appeared to be completely thjwoidectomized by all other criteria. The effect of the hor- 
mone on rats which were free from thyroid tissue also according to this most sensitive test 
indicated essentially the same as in animals with traces of thj'roid, i.e., a lowering of the 
amino acids, but no consistent effect on nonprotein nitrogen or blood urea. 
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of such preparations are the growiih hormone and one of the gonadotropins, the 
interstitial-cell-stimulating hormone (ICSH or LH) . As previously stated, most 
of the thyrotropic samples used in these studies may have contained approxi- 
matel}’’ one per eent of the former and 10 to 20 per cent of the latter. However, 
it does not appear likely that any part of the action of thyrotropic hormone on 
the blood nonprotein nitrogen could be due to either of these contaminants since 


TABLE 2 

Effect of thyrotropic hormone on blood nitrogen constituents of thyroidectomized 

and normal rats* 


DETERMINATION 

THYROIDECTOMIZED RATS 

NORMAL RATS 

Injected 

Coutrol 

Injected 

Control 

Average 

O 

tfl 

c 

rt 

G 

Average 

O 

tc 

c 

rt 

6 

Average 

&> 

to 

c 

rt 

G 

Average 




per 



per 



per 

1 





cent 



cent 



cent 



Non-protein-N.. . 

38.8 

mgm.% 

-9 

42.7 

mgm.% 

-f6 

35.0 

mgm.% 

-13 

40.2 

mgm.% 

i 

i 

(s) 



(s) 

i 


(hs) 




18.4 

mgm.% 

-11 

20.7 

mgm.% 

4-30 

13.1 

mgm.%, 

-9 

14.4 

mgm.%. 

1 

(ns) 

(hs) 

|(ns) 


a-Amlno-acid- 



1 









Nt 

7.5 

mgm.% 

-12 

8.5 

mgm.% 

-25 

9.2 

mgm.% 

-19 

11.4 

mgm.% 




(s) 



(hs) 



(hs) 



Peptide-N 






1 



1 



Serum poly- 












peptide-N... . 

7.8 

mgm.% 

-58 

18.6 

mgm.% 

-10 

15.9 

mgm.% 

-23 

20.7 

mgm.% 

Filtrate pep- 








1 




tide-N 

1.5 

mgm.% 

-73 

5.6 

mgm.% 1 

4-27 

4.2 

mgm.% 

-5 

4.4 

mgm.% 

Total creatinine- 





1 



1 




N 

2.6 

mgm.% 

-11 

3.0 

mgm.% i 

4-36 

2.3 

mgm.%, 

4-5 

2.2 

mgm.% 

Uric acid-N 

0.2 

mgm.% 

0 

0.2 

mgm.% 

-33 

0.2 

mgm.% 

-33 

0.3 

mgm.% 

Serum protein-N 

1.09% 

0 

1.09% 

0 

1.05% 

-5 

1.09% 

Hemoglobin 

|16% 


-27 

j22% 


-4 

131% 


4-35 

]23% 



* Each group contained 10 female rats (8 in thyroidectomized control group), 114 days 
old. Thyroidectomies were performed on day 72-74. O.vygen consumption of the com- 
pletely thyroidectomized rats averaged 120 l./m.V24 hours, which is 28 per cent below that 
of normal rats. The injected rats received 1 mgm. thyrotropic hormone 4 hours before the 
taking of blood samples. The letters in parentheses denote statistical significance. 

t The amino acids in this experiment were determined without use of the Klett photo- 
electric colorimeter and are therefore not directly comparable with the absolute values of 
all other experiments which were always lower. 

pure ICSH is vdthout effect (table 4, 7) and growth hormone does not affect 
blood urea at all under conditions favorable for the action of the thyrotropic 
hormone, while lowering the amino acids only at somewhat higher levels than are 
needed of the thyrotropic hormone (table 1, 2 a; table 4, 3). It is recognized 
that part of the blood action might be due to an unkno^vn hormone present'in 
thyrotropic preparations; but in the absence of any evidence favoring this, it 
appears preferable to assume that all the observed effects are really due to the 
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■ tlija’otropic hormone, an assumption which can ultimate!}'’ be proven or dis- 
proven only by the isolation of the pure hormone. 

As in all studies of the action of pituitarj^ hormones it appeared also here im- 
portant to use hjTDophysectomized animals (table 5, 2). Thus when such rats 
were used only two days after the operation, they were found to react similarly to 
normal I'ats although great variations occurred within the group. After a longer 
postoperative period, however, the blood nonprotein nitrogen, and especially the 

TABLE 3 


Effect of thyrotrofic hormone and thyroxin on blood, liver and muscle noriprotein nitrogen 
constituents of hypophysectomized and normal rats* 


DETERMINATIONS j 

JIVPOPUVSECTOiflZED RATS 

NORMAL RATS 

Thyrotropic 
(6 rats) 

Thyroxin 
(7 rats) 

Control 
(7 raU) 

1 Thyrotropic 
(10 rats) 

1 Th}’roxin 

1 (10 rats) 


Average 

Change 

Average 

Change 



Average 

Change 

Average 

Change 

Average 


mgm. 

per 

mgm. 

per 

mgm. 

per 

mgm. 

per 

mgm. 

per 

mgm. 


per cent 

cent 

per cent 

cent 

per cent 

cent 

per cent 

cent 

per cent 

cent 

per cent 

Blood: 












N-P-N 

45.7 

-47 

36.2 

-54 

78.6 

+81 

38.1 

-12 

37.4 

-14 

43.3 



(hs) 


(hs) 1 


(hs) 


(hs) 


(hs) 


Urea-N 

25.3 

-52 

14.3 

-73 

52.7 

+230 

13.9 

-13 

12.7 

-21 

16.0 



(hs) 


(hs) 


(hs) 


(hs) 


(hs) 


a-Amino acid N... 

6.3 

-7 

7.3 

+7 

6.8 j 

-20 

7.5 

-12 

8.2 

-4 

8.5 



(ns) 


(ns) 


(hs) 


(hs) 


(ns) 


Liver.’t 












N-P-N 

197.0 

-25 

239.0 

-7 

258.0 

+25 

202.0 

-2 

156.0 

-25 

207.0 

'Urea-N 

34.2 

-47 

34.1 

-47 

64.9 

+116 

29.0 

-3 

22.9 

-24 

30.0 

a-Amino acid-N... 

59.8 

-14 

78.2 

+12 

69.6 

+5 

62.0 

-3 

55.0 

-14 

63.6 

Muscle :t 












N-P-N 

307.0 

-12 

303.0 

-13 

348.0 

+12 

307.0 

-1 

279.0 

-10 

310.0 

Ui-ea-N 

33.6 

-46 

25.3 

-59 

61.8 

+147 

24.6 

-1 

22.0 

-12 

25.0 

a-Amino acid-N... 

74.7 

-1 

70.6 

-6 

75.0 

+9 

67.8 

-2 

65.0 

-6 

69.1 


* Thyrotropic hormone (1 mgm.) was given 4 hours before autopsy, thyro.vin (0.25 mgni.) 
24 hours before autops 3 ^ The rats were plateaued females (ca. 6 months old), hypophysec- 
tomies having been performed 2 weeks prior to the experiment. 

t Livers and muscles were pooled in groups and analyses performed in duplicate or trip- 
licate. 

blood urea, of itntreated rats was found to be very much higher and the effect of 
th 3 'rotropic hormone and thyroxin in decreasing these levels much more pro- 
nounced in hypoph 5 ’’sectomized than in normal rats® (table 3; table 5, 2; table 6). 

Histological e.xamination of the thyroids of hj^pophysectomized rats, which had recei ved 
thyrotropic hormone four hours before autopsy, did not reveal any signs of stimulation. 
Thisjs not surprising in view of the short period of treatment; on the other hand, this finding 
does not elucidate the mechanism of the striking effects on blood non-protein nitrogen pro- 
duced by thyrotropic hormone under these conditions. 
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TABLE 4 


Svimnary of the effects of hormones on blood nonprotein nitrogen conslitnents of normal rats 

(4-hour injection period) 


BORIIONE PREPAKATION 

CHANGE, COilPARED WITH RESPECTIVE CONTROLS* 

Type of hormone 

Dose 

NPN 

Urea N 

Amino acid N 


wgm. 

per cent 

. per cent 

per cent 

1. Crude alkal. extr. 

5.0 



-10 (6) 


2.5 

-10 (6) 


-13 (18) 


1.0 



+7 (6) 

2. Globulin fraction 

4.0 

-13 (10) 

-25 (10) 

-23 (10) 


3.0 



-18 (4) 


2.5 



-13 (S) 


2.0 

-19 (10) 




1.0 

-11 (42) 


-13 (60) 


0.5 

-7 (10) 

-20 (10) 

-10 (30) 


0.25 



-15 (4) 


0.125 



+3 (6) 

3. Growth hormone 

4.0 

-7 (19) 


-17 (9) 


3.0 

-6 (20) 

-4 (20) 

-13 (20) 


2.5 



+4 (4) 


2.0 

-5 (10) 




1.0 

-1 (21) 


-9 (55) 


0.5 



-4 (16) 

4. Thyrotropic hormone 

3.0 

-15 (20) 

-33 (10) 

-20 (10) 


2.5 

-8 (9) 

-27 (9) 

-4 (9) 


2.0 

-20 (14) 




1.0 

-13 (80) 

-16 (44) 

-10 (72) 


0.5 

-10 (24) 

-19 (10) 

-16 (24) 


0.25 



-15 (12) 


0.15 



-12 (4) 


0.075 



+3 (6) 

5. Lactogenic hormone 

2.0 

-1 (10) 

-3 (10) 

+11 (10) 


1.0 

-7 (9) 


-4 (6) 


0.75 



+9 (6) 

6. Adrenocoi'ticotropic hor- 

4.0 

+12 (10) 

+13 (10) 

0 (10) 

mone 

2.0 

-1 (9) 


-16 (9) 

7. Gonadotropins: ICSH 

1.0 

-8 (20) 

0 (20) 

-7 (20) 

FSH -4- ICSH; each 

1.0 

+2 (9) 


-3 (6) 

S. Thj'roxin 

0.1 

-11 (20) 

-10 (20) 

-6 (20) 


0.02 

-3 (10) 

-5 (10) 

-5 (10) 


* Figures in parentheses denote the number of treated animals at each dose level. 


let growth liormone and ICSH were found not to cause significant effects on 
blood nonprotein nitrogen and urea even in such operated rats, thus confirming 
pietious results in normal rats (table 5 , 2). In contradistinction to the pro- 
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nounced increase in blood urea, the blood amino acid concentration vas found 
to be slightly lowered by hypophysectomy; also the action of the various hor- 
mones appeared to be similar to that in normal rats, thyrotropic lowering it more 
markedly than growth hormone, and ICSH having no effect (table 5, 2). 

In a number of experiments other constituents of the nonprotein nitrogen 
were also determined. Of these uric acid, total creatinine and glutathione (thiol) 
were found either lowered or unaffected bj’’ thyrotropic hormone. Both higher 
and lower polypeptides were generally decreased by the hormone (table 2). 

Mechanism. It can thus be regarded as established that the thyrotropic but 
not the growth hormone causes rapid decreases in blood nonprotein nitrogen 


TABLE 5 

Summary of the effects of hormones on blood nonproiein nitrogen constituents of operated rats* 


HORMONE PREPARATION 


Type of hormone 


1. Thyroidectomized 
Thyrotropic hormone. 
Thyroxin 


2. Hypophysectomized 


Thyrotropic hormone 

Growth hormone 

ICSH 

Thyroxin* 



CHANGE, COMPARED WITH RESPECTIVE CONIEOLSf 

Dose 

NPN 

UreaN 

Amino acid N 

♦ 

frtgM. 

/itr cent 

Jrer cent 

per cent 

2.0 

-5 (10, ns) 

-3 (10, ns) 

-9 (10, hs) 

1.0 

-10 (19, hs) 

—4 (17, ns) 

-10 (20, s) 

0.2 

—4 (4, ns) 

— 8 (4, ns) 

0 (4) 

i.ot 

1 

-17 (10, s) 

— 10 (10, ns) 

-9 (10, ns) 

1.0 

-35 (22, hs) 

-43 (22, hs) 

-9 (22, s) 

0.2 

—5 (7, ns) 

0 (7) 

-4 (7, ns) 

1.0 

+11 (9, ns) 

—9 (9, ns) 

-10 (6, s) 

1.0 

-7 (7, ns) 

-17 (7, ns) 

— 1 (5, ns) 

0.25 

-54 (7, hs) 

-73 (7, hs) 

+7 (7, ns) 


* Only completely operated animals were included in the tables. All rats were injected- 
4 hours before the collecting of blood samples, except the group receiving thyroxin, marked 
by an asterisk, which was injected 24 hours before autopsy. 

t Figures in parentheses denote the number of injected animals, the letters statistical 
significance. 

t The rats in this group were used two days following the operation, all other groups were 
from 2 to 7 weeks postoperative. 


and urea, while both hormones lower the amino acid concentration of the blood.^ 
It has furthermore been shown that thj^roxin has a similar action on blood urea 
as the thyrotropic hormone. The lack of a pronounced effect on blood urea if 
thyrotropic hormone was given to thyroidectomized rats as well as the effective- 
ness of thyroxin suggest that this action of the pituitary is mediated b 3 '’ the 
thj’^roid. However, a comparison of the blood urea of untreated rats of various 
t 3 ''pes suggests that this may not be the only mode of action of the pituitaiy 

’’ Pasebkis (26, 27) suggested that the growth hormone was probably not identical with 
the “protein metabolism hormone.” We were unable to confirm his claim that the latter 
hormone can be demonstrated in the urine after a high protein diet. 
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hormone (table 6). If blood urea were decreased only bj’' the thyroid hormone, 
thyroidectomized rats would be expected to have higher blood urea levels than 
hj^pophysectomized rats. Actuallj’-, the blood urea level increases much more 
strikingly after hypophysectomy than following removal of the thyroid. Even 
more surprising is the pronounced and rapid urea-lowering effect of thyrotropic 
hormone in hypophysectomized rats, without e\’ident stimulation of their atro- 
phic thyroids. These findings suggest another possible interpretation, namely, 
that both the thyroid hormone and thyrotropic hormone directly lower blood 
urea. If that is so, the blood urea of thyroidectomized rats should still be com- 
paratively well controlled through the action of the thyrotropic hormone which 
is probably secreted at an increased rate in the absence of the thyroid. On the 
other hand, the hypophysectomized rat, deprived of both the tropic and most of 
the thyroid hormone would be expected to show high blood urea levels, which 
can be effectively and rapidly lowered by administration of either of these hor- 

TABLE 6 


Conceniralion of blood nonprotein nitrogen constituents of uninfected rats 


TYPE OF RAT 

NUMBER 

OF RATS 

NPN 

■deea-N 

AMINO ACID N 

Group 

average 

Total 

average 

Group 

average 

Total 

average 

I 

Group 

average 

Total 

average 




mgm. per 

msm. per 

msm. per 

mgm. per 

mgm. per 




cent 

cent 

cent 

cent 

cent 

Thyroidectomized 

10 





7.3 



8 


41.4 


21.2 

8.5 

7.5 


10 

39.0 1 




6.8 

1 


Hypophysectomized 

7 

85.6 


58.4 





11 

78.6 

69.8 

52.7 

46.5 


7.2 


8 

45.2 


28.4 


7.1 


Normal 

ca. 232 


38.9 


15.8 


8.9 


mones. It is hoped that this hypothesis may be tested by the use of doubly 
operated (hypophysectomized-thyroidectomized) rats. 

For the mechanism of the described honnonal action on the blood-urea level, 
the following possibilities have to be considered: a, an action on the kidney, 
increasing the rate of excretion of urea; b, a change in the distribution of the body 
fluids, leading to hemodilution, and c, a decrease in the rate of production of urea. 

Several experiments were performed to elucidate this question, a. Nitrogen 
excretion was determined upon several occasions. In one experiment, two 
individual 24-hour urine samples were collected from rats which were treated 
with thyrotropic hormone or thyroxin for two days preceding the taking of blood 
samples (table 1, 5). It was found that thyrotropic hormone caused some 
retention of nitrogen when compared Math uninjected controls, while thjnoxin 
had no effect. In another experiment ndth hypophysectomized rats, the urine 

® This experiment was performed in co-operation with Dr. W. Marx. 
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was collected during the four hour period of hormone treatment. While blood 
and tissue urea were lowered by 25 per cent by administered thyrotropic hor- 
mone, the nitrogen excretion was similar in injected and untreated rats. These 
findings clearlj' indicate that the lowered nonprotein-nitrogen levels produced 
by thyrotropic hormone and thyroxin cannot be attributed to an increased excre- 
tion of urea. 

b. In a number of experiments nonprotein-nitrogen constituents of muscle and 
liver were determined, besides those of the blood. It was then found that thy- 
roxin lowered tissue nonprotein nitrogen and in particular urea of hypophysec- 
.tomized rats almost as much as the cori-esponding blood levels. Thyrotropic 
hormone, at the dose emplo 5 ’’ed, affected liver and muscle values of hypophysec- 
tomized rats similarly but in normal rats it produced only small decreases in 
tissue nonprotein nitrogen, urea and amino acids (table 3). Grovdh hormone 
showed no appreciable effect on any of these levels. The above findings indi- 
cate that the action of the th 3 '’roid on blood urea is accompanied bj^ a similar 
action on tissue urea; it does not therefore appear probable that the observed 
blood effects can be due to a shift of water from the tissues into the bloodstream. 
To test for this possibility, however, blood hemoglobin and serum proteins were 
included in the determinations in a number of experiments (table 2). Serum- 
protein nitrogen was regularly found to be close to 1.1 per cent in injected as well 
as in control groups. Hemoglobin content was found quite variable vdthin each 
group, so that the observed increases of 12 and 35 per cent in the averages of the 
tltyrotropic-hormone treated rats above those of the controls' are probabty coinci- 
dental. In an}' case, hemodilution must be excluded as a possible explanation 
of the observed hormone action. 

c. A decrease in the rate of production of urea therefore seems the onl}'’ prob- 
able explanation of the observed facts. In that case, the action of the hormone 
would be through the liver. Actually, thjwoid feeding has been shown to in- 
crease the d-amino acid oxidase content of liver (28), and both thyrotropic hor- 
mone and thju’oxin Avere found to increase liver weights (11, 29). If it is assumed 
that the increase in d-amino acid oxidase content is paralleled by an increase m 
1-amino acid oxidase, this Avould tend to suggest a greater rate of amino acid 
breakdown and urea formation. But it is possible that it actualty onl}'’ indicates 
a high rate of protein metabolism, anabolic and catabolic, with rapid transamina- 
tions rather than deaminations. Hoivever, as in so manj'’ other cases, when the 
action of thj'roxin is studied, the dose may be of primaiy importance ; thus, the 
observed effect may be characteristic onty of the hj'’perthja'oid state v'hich is well 
knovTi to lead to rapid protein catabolism. On the other hand, the effects on 
blood urea observed in the present studj'’ were produced in animals which were 
definitelj' not lyperthyroid; thej^ suggest the necessity of further studies of 
various enzyme sj'stems under similar conditions. Besides possible effects on 
amino-acid oxidases, changes in the concentration of enz 3 'mes more closety asso- 
ciated with the formation of urea might be searched for. For such reasons, 
liver-arginase determinations have been undertaken (30). The explanation of 
the mechanism of the action of thyroxin on blood urea has to be postponed until 
these and similar studies have been completed. 
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' SUAEVIARY 

1. Purified pituitary hormones were investigated regarding their ability to 
decrease blood and tissue nonprotein-nitrogen constituents mthin a four hour 
test period. 

2. Urea, the main component of the blood nonprotein nitrogen, was found to 

be decreased only by thyrotropic hormone and not by growth hormone, as is 
generally believed. t 

3. Both thyrotropic and growth hormones were found to lower blood amino 
acids, the fonner more effectively than the latter. 

4. The action of thyrotropic hormone on blood and tissue urea could be repro- 
duced also by the administration of tliju-oxin and thus appears to be mediated 
by the thyroid gland. The action of thyrotropic hormone on blood aminoacids, 
on the other hand, was not given hy th 5 n-oxin. 

5. In thyroidectomized animals thyrotropic hormone was still effective in 
lowering blood amino acids, while its action on blood urea was doubtful. 

6. The high blood and tissue nonprotein nitrogen and urea of hypophysec- 
tomized animals was lowered strikingly b 5 ’' both thyrotropic hormone and 
thyroxin, the former but not the latter also affecting blood amino acids. 

7. These findings were tentativel}'' interpreted as indicating that thyrotropic 
hoimone lowered blood urea directly as well as through stimulation of the thj’-roid 
gland, while controlling the amino acid level only by a direct action. 

8. Evidence was adduced shoving that the observed decrease in blood urea 
was not due to increased excretion, nor to hemodilution, and therefore appeared 
to be caused by a decreased production of urea in the liver. 
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According to Funk (1) vitamin A was observed to be biological^ inactive 
unless administered by way of the gastrointestinal tract. Wollman and Vag- 
liano (2), on the other hand, reported that cod liver oil of unstated potency was 
curative when given to vitamin A deficient rats whether administered orall 3 ", 
subcutaneouslj'" or intraperitoneally. However, these data did not permit a 
satisfactoiy comparison of the relative effectiveness of such therapy bj'' the routes 
of administration tested due to severe local intolerance to the parenteral injec- 
tions, nuth a high resultant mortality. 

Bleg\'ad (3) materialty ameliorated the symptoms of a severe ophthalmia in 
man bj’’ means of two subcutaneous injections of a 10 per cent olive oil solution 
of a potent cod liver oil concentrate: six such injections gave complete sjunp- 
tomatic relief. Bloch (4) was able to relieve the ophthalmia of a nine-j^ear old 
boj’' bj'- means of intramuscular injections of oil containing vitamin A. 

Koehne and Mendel (5) reported that vitamin A was utilized by the rat fol- 
lowing parenteral administration of potent oils. The degree of utilization noted 
was better after subcutaneous than after intraperitoneal injections, but utiliza- 
tion after oral medication was quite superior to that noted after either parenteral 
rovde. Leak (6) also noted that clinical improvement was usually observed in 
suitable cases following the parenteral injection of a concentrate containing 
vitamins A and D. 

Isaacs, Jung and Ivy (7) observed no difference in the degree of utilization of 
vitamin A bj’- normal adults or bj' persons in whom an attempt was made to 
produce a vitamin A deficiencj'- bj* dietaiy measures, whether medication with 
vitamin A was by the oral or intramuscular routes. The subjects were tested bj^ 
means of the Hecht adaptometer and the biophotometer. 

' Recently, Lease, Lease, Steenbock and Baumann (8) reported studies of the 
comparative values of injected carotene and vitamin A. They conclude that 
intraperitoneal or subcutaneous injections of aqueous colloidal suspensions or 
oily solutions of carotene are effective in the treatment of A-avitaminotic rats, 
but that the amounts needed are from 10 to 100 times as great as when the caro- 
tene is given orally. Hepatic storage of vitamin A was found to be very poor 
following parenteral injections, since carotene was deposited in various sites, and 
was only partially available to the animal. Much of the injected carotene could 
not be traced. 

Bj’’ contiast vitamin A gi^^en parenterall 5 '’ in colloidal aqueous suspension in 
weekly dosages of 30 to 750 Blue units was found to be as effective as when given 
orallJ^ Oity solutions were more effective orallj’’. 
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Preliminary experiments in this laboratoiy indicated, on the basis of the offi- 
cial (U.S.P.) biological assays, that the curative effects of oil dilutions of vitamin 
A concentrates injected intramuscularly were quite inferior to the same dosages 
given orally. The lack of any concise information of quantitative value in the 
literature as to the comparatiye degrees of utilization of vitamin A when given 
by the oral and parenteral routes suggested the need of such data. Accordingly, 
this paper presents the results of parallel U.S.P. biological assays- after the oral 
or intramuscular administration of standard doses of the following preparations 
of vitamin A: 1, a vitamin A concentrate in sesame oil; 2, the U.S.P. vitamin A 
reference oil no. 2, and 3, -vutamin A concentrates' in propjdene glycol. 

Methods. The assay procedures duplicated in all respects those described 
for biological assays of vitamin A in the U. S. Pharmacopoeia XI, Second Supple- 
ment. However, in one series of animals the reference oil was administered as' a 
weekly (rather than daily) oral dose in order that a direct basis for comparison 
vdth weekly intramuscular doses would be available. The oral supplements were 
of such concentration that the daily dosage was contained in a volume of 0.1 cc. 
When the fraction was given once weeldy it was contained in 0.2 cc. Excep- 
tionally, due to poor nutrition, the voluntary oral intake of the vitamin supple- 
ment was either slow or unsatisfactoiy. Under such conditions the supplement 
was given by stomach tube until such time as the animals would consume it 
voluntarily. 

Intramuscular injections in oil were made into the belly of the gluteal muscle. 
The weekly doses were given on alternate sides in 0.1 cc. In biweekly injections 
alternate sides were also used, and a volume of 0.05 cc. was given by means of a 
special 0.25 cc. s5Hinge. 

The propylene glycol supplements were given in the follomng volumes: daily 
oral, in 0.05 to 0.025 cc.; weekly intramuscular, in 0.1 to 0.05 cc.; single intra- 
muscular, in 0.1 cc. The smaller volumes were preferable in that anj’- local in- 
tolerance was minimized and oral supplements were more readily consumed. 
In addition to the usual criterion of weight gain, careful attention was given to 
the possible presence of ophthalmia and its severity. Readings were made at the 
beginning and at intervals during the assay period. The numerical data are 
presented in table 1. 

Discussion. It is evident that vitamin A in oil either in the form of a con- 
centrate, or in the form of cod liver oil (reference oil), when administered intra- 
muscularly, is only from 10 to 15 per cent as effective as when given orally. 
Weeklj’' oral administration, as would be expected, is not as effective as the same 
vitamin supplement divided into daily oral dosages. Subdivision of the weekly 
intramuscular supplements into biweekly dosages increases the effectiveness 
noticeably. 

On the other hand, when vitamin A is administered intramuscularly in prp- 
pjdene glycol it appears to be at least as effective as when given orally in the same 
menstmum. Even when the entire medication for the 28-da5’' period is given as 
a single dose, the weight gain corresponds approximately to that noted for the 
control daily oral dosage series. This indicates that this solvent in contrast to 
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TABLE 1 


Effect of variovs modes of administration of vitamin A on the 
groicth and eye condition of rats 


PRODUCT 

MODE or ADMIKISTRATIOX 

DOSE, 

U.S.P. 

NUilBER 
OF RATS 
(init- 
ially) 

PER 

CENT 

MORTAL- 

ITY 

PER 

CENT 

DlS- 

CARDED§ 

EYE CONDITION' 

AVERAGE 

Route 

Interval 

UNITS 

Startll 

Finishll 


Vitamin A in se- 

Oral 

Daily 

2 

11 

0 

27 

0.94 

0.20 

gws. 

17.2 

same oil, 50,000 

Oral 

Daily 

3 

11 

9 

9 

0.30 

0.0 

27.6 

units per cc.* * * § 

Intram. 

Weekly 

1 

12 

58 

0 

0.0 

1.3 

-21 

(January) 

Intram. 

Weekly 

2 

12 

42 

0 

0.7 

1.14 

-19 


In tram . 

Weekly 

4 

12 

50 

0 

1.25 

2.16 

- 2 

USP reference oil 

Oral 

Daily 

1 

10 

10 

0 

0.50 

0.44 

21.7 

no. 1 (Febru- 

Oral 

Dailj’’ 

2 

10 

10 

0 

1.75 

0.65 

49.4 

ary) 

Oral 

Daily 

3 

10 

0 

0 

1.40 

0.05 

74.3 

Oral 

Weekly 

2 

10 

0 

20 

0.37 

0.0 

40.5 


Intram. 

Weekly 

4 

10 

40 

0 

0.60 

0.90 

13.1 


Intram. 

Weekly 

8 

10 

20 

0 

0.12 

0.62 

20.6 

. 

Intram. 

Weekly 

12 

10 

30 

0 

0.14 

0.0 

24.9 


Intram. 

Biweekly 

12 

10 

20 

0 

0.25 

0.0 

31.3 

Vitamin .\ in pro- 

Oral 

Daily 

2 

12 

16.5 

16.5 

1.48 

1.62 

17.1 

pylenc glycol 

Intram. 

Single dose 

2 

12 

16.5 

25 

1.86 

1.40 

16.0 

80,000 units per 

Intram. 

Single dose 

4 

12 

8 

25 

1.12 

0.12 

30.2 

cc.t (July) 

Intram. 

Single dose 

8 

9 

0 

0 

1.00 

0.40 

43.2 

Same as above, 

Oral 

Daily 

1 

11 

18 

9 

0.12 

0.37 

17.8 

refrigerated 5 

Intram. 

Weekly 

1 

12 

16.5 

0 

0.25 

0.0 

22.8 

weeks (.August) 

Intram. 

Weekly 

2 

12 

0 

0 

0.75 

0.50 

30.1 


Intram. 

Weeklj’’ 

3 

9 

22 

0 

1.30 

0.43 

33.7 

Vitamins .A and D 

Oral 

Daily 

2 

11 

18 

0 

0.77 

0.50 

26.0 

in propylene 

Intram. 

Weekly 

2 

11 

0 

0 

0.77 

0.09 

48.8 

glycol! (August) 

Intram. 

Weekly 

3 

7 

0 

0 

1.07 

0.0 

53.1 

USP reference oil 

Oral 

Daily 

1 

10 

10 

0 

0.2 

0.1 

17.9 

no. 2 (August) 

Oral 

Daily 

2 

12 

8.5 

0 

0.45 

0.2 

29.3 


Oral 

Daily 

3 

10 

0 

0 

0.10 

0.15 

45.2 


* A molecular distillate of vitamin A (biologically'standardized). Diluted with sesame 
oil from 200,003 to 50,000 units per cc. 

t Prepared from an alcohol-soluble vitamin A concentrate of high potency. Stability 
of vitamin A satisfactory after 6^ months of storage at 37.5° C. 

t Prepared as above: 24,800 units of viatmin A per cc. with 2,000 USP units of vitamin 
D; as crystalline calciferol added. 

§ .Animals that gained less than 25 per cent of the entire group average were not included 
in the calculation. 

% Rated according to the standard scheme used by the U. S. Pharmacopoeia Advisory 
Board. The figures are averages for only those animals not discarded because of death or 
poor weight gain. 

11 Of test. 
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oil permits a satisfactory absorption from tbe muscle, and may be attributed 
to the fact that propylene glycol is readily miscible Avith the tissue fluids, Avhereas 
oil remains in depots for considerable periods of time and probably permits de- 
struction of Autamin A at the site of injection. Weekly intramuscular injections 
in propylene glycol are even more effective than the same dosages giA^en in daily 
portions orally, and responses from such medication compare faA’'orably A\ith the 
same number of units (in oil) given as daily supplements. 

The data on the anti-xerophthalmic effects of medication of the animals support 
the conclusions as to relative effectiveness draA\Ti from the data on bodj’- AA^eights, 
but permit a clear cut differentiation as to differences in absorption rates AAith 
the different solvents. 

These data in general confirm and extend those previously reported, but permit 
a quantitative comparison by U.S.P. methods (or necessarj’- modifications) of 
the effects of oral and intramuscular routes of administration of Autamin A in oil 
and in propylene glycol. We are in agreement AAuth Lease et al. that unit groAAdh 
responses require much larger amounts of oil solutions of vitamin A AAdien giA'^en 
by the parenteral route, than are required in oral administration. When oily 
solutions of vitamin A are injected intramuscularly, large amounts of the oil and 
solute remain in situ. Utilization of the vitamin is poor partly because of lack 
of absorption, but also because of destruction at the site. The curative effects 
of injections of Autamin A in propylene glycol Avould seem to be qualitatiA’’ely 
comparable Avith those of Lease et al. after injections of colloidal aqueous sus- 
pensions. 

Our data indicate that solutions of Autamin A in propjdene glycol are utilized 
equally Avell AA^hether given intramuscularly or orally. Utilization of the usual 
Aveekly dose Avas equally satisfactory whether given as a single injection or at 
bmeekly intervals. These studies suggest that stable propylene glycol solutions 
of vitamin A may offer an additional approach to the clinical problem of therapy 
of acute vitamin A deficiencies. 

SUMMARY 

Vitamin A administered intramuscularly in oil to vitamin A deficient rats is 
approximately 10 to 15 per cent as effective as the same material given orally- ■ 
On the other hand, solutions of Autamin A in propjdene glycol are at least as 
effectwe by the intramuscular route as when giA'^en orally, even AAdren the oral 
supplements are given in a larger number of doses. The effectiveness of intra- 
muscular injections, Avhether in oil or in propylene glycol, increases AAuth the 
division of the dose. 
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Within recent years the introduction of bulbar tractotomy for the relief of 
trigeminal neuralgia (Sjoqvist, 1938). has stimulated interest in the detailed 
arrangement of trigeminal connections within the medulla oblongata. De- 
generation studies after differential section of the sensory root in animals (Davis 
and Haven, 1933) and clinical observations in cases of posterior iifferior cerebellar 
artery occlusion (Smyth, 1939) have given support to the view that the bulbar 
representation of the trigeminal nerve is a divisional one, i.e., the fibers from the 
three divisions of the nerve run separately down the spinal fifth tract. Other 
observers (Dejerine, 1914) have postulated an “onion peel” representation, in 
terms of concentric zones of the face extending outward from the peri-oral 
region. 

It appeared that evidence for one or the other of these conflicting views might 
be obtained by resort to a technique not heretofore employed in this connection, 
and in the present study the bulbar projection of the trigeminal nerve has been 
studied by examining the distribution of action potentials evoked by single 
shock stimuli applied to peripheral trigeminal branches and recorded centrally 
with the cathode ray oscillograph. 

Methods. In a series of cats, anesthetized Mth nembutal or decerebrated 
under ether, the supraoptic branch of the ophthalmic nerve, one or more fascicles 
of the infraorbital branch of the maxillary nerve, and the anterior mental 
branches of the mandibular nerve, were routinely employed for stimulation at 
the face. The stimuli consisted of single condenser discharges delivered through 
a transformer. 

The action potentials evoked were recorded from the interior of the medulla 
with a steel needle electrode, insulated except for 0.1 to 0.2 mm. at the tip, and 
oriented Mthin the brain with the Horsley-Clarke instrument in the manner 
described by Ranson (1934). An indifferent electrode was placed on the frame 
of the instrument or in the cerebellar cortex. The potentials were amplified 
Mth a resistance-capacity coupled differential amplifier and visualized with a 
cathode ray tube. The stimulus was synchronized with the sweep of the oscillo- 
graph so that a single sweep and a single shock could be produced vnth. a manual 
switch. Exploration was undertaken in a systematic fashion and in each ex- 
periment the points of recording were subsequently determined by microscopic 
examination of Weil or cresyl violet stained sections cut serially by the frozen- 
section method of Marshall. 

I. Characteiustics of recorded potentials. Potentials from the sensory 
trigeminal root and the spinal fifth tract. When a single supramaximal shock is 

^ Aided by a grunt from the Rockefeller Foundation. 
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applied to a group of trigeminal fibers at the face, and the tip of the recording 
electrode is in contact with the central processes of these fibers in their intra- 
medullary course within the sensory root or the spinal fifth tract, the unvarying 
sign of their activity is the fast positive spike seen in figure 1, 1, 3 A, 4A. This 
spike commences after a latency of about 1 msec., and both peripheral and 
central measurements indicate that it signalizes the discharge of fibers conduct- 
ing at a rate between 40 and 50 meters per sec. This rapid conduction rate is in 
keeping with the low threshold of peripheral stimulation required for its elicita- 
tion, which is that of mammalian A fibers. When two stimuli to the same nerve 
are employed, the second primary afferent spike is conducted unattenuated at an 
interval of 3 msec. (fig. 1, 3B).- It is relatively resistant to anoxia (fig. 1, 4A-D). 



Fig. 1. Action potentials recorded from the spinal fifth tract (1, 3, 4) and spinal fifth 
nucleus (2) upon stimulation of an infraorbital branch of the trigeminal nerve at theface. 
The application of supramaximal shocks is indicated by arrows. In 3 B-F, the intervals 
between shocks are 3, S.5, 15, 81 and 145 msec. Records 4 B-D were taken 40, 90 and 120 
seconds after stabbing the heart. Amplification in 4 from another experiment is 3 times 
that of 1, 2 and 3. In all records an upward deflection indicates positivity at the needle 
electrode. 

The initial positive spike is followed by a more variable later positive wave 
(fig. 1, 1, 3A, 4A), which a number of characteristics suggest to be the result of a 
potential change within the adjacent spinal fifth nucleus, rather than a sigh of 
activity of slower conducting primary afferent neurons within the tract. This 
later positive rvave is more pronounced xvhen the recording tip of the electrode 
is located medially in the tract, near the spinal fifth nucleus. It has not been 
encountered wiien leading from the intramedullary course of the sensory root 
anterior to the spinal fifth nucleus. The threshold of peripheral stimulation for 
producing the second wave is the same as that for the initial fast spike, Avhereas 
if slow^er conducting fibers were concerned it might be expected to be higher. 
AWien tested with two stimuli, the excitability cj’^cle of the neural elements re- 
sponsible for the late positive wave is found to be remarkably longer than that 
of those wiiose activity causes the initial fast spike (fig. 1, 3A-F). The second 
wave is complete^ absent at testing intenmls up to 15 msec. (fig. 1, 3B, C and D) 
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and its relatively unresponsive period persists for 160 msec. (fig. 1, 3E and F). 
In other experiments the absolutely unresponsive period has ranged between 
10 and 20 msec, and the relatively unresponsive period between 70 and 160 
msec. The late positive wave is quite sensitive to anoxia and figure 1, 4A-D 
shows its disappearance at successive intervals after stabbing the heart, while 
the initial spike remains unaffected. If slower conducting primary afferent 
fibers were concerned here, it might be expected that they would be no more 
susceptible to anoxia than fast conducting fibers, or indeed less so. In other 
experiments the time course of depression of the late wave vith anoxia, induced 
by breathing nitrogen, was found to be similar to that of potentials derived from 
the spinal fifth nucleus; and full recoveiy upon again breathing air was sub- 
sequently encountered. 

Potentials from the spinal fifth nucleus. With the recording electrode in the 
nucleus of the spinal fifth tract, stimulation of a trigeminal branch at the face 
leads to a discharge of secondary trigeminal neurons signalized by a large positive 
deflection commencing 0.5 to 1 msec, later than the discharge of primary neurons 
in the spinal fifth tract (fig. 1, 2; fig, 2, 2A). The synaptic delay in the instances 
shown amounted to 0.8 and 0.9 msec., respectively. Almost invariably the 
nuclear discharge is preceded by a small positive notch (fig. 1, 2; fig. 2, 2A-D), 
which coincides temporally with the discharge of primary neurons within the 
tract, ^^^lether this is recorded directl)’’ from the terminals of primaiy fibers 
ramifying vithin the nucleus, or as a result of “electro-tonic spread” from the 
large concentration of primaiy fibers firing in the nearb}’’ spinal fifth tract, cannot 
be said. The fact that this primaiy notch is present in records taken from the 
reticular formation medial to the nucleus of the spinal fifth tract (fig. 2, 3A-E) 
appears to favor the latter possibility. 

The constant aspect of the configuration of the nuclear spike is the fast rising 
phase which attains a peak about 1 msec, after its commencement, and reflects 
fairly closely the period of discharge of primary neurons in the spinal fifth tract. 
The descending limb of the nuclear spike is always prolonged be 3 mnd the period 
of discharge of the primary fillers, however (fig. 1, 1 and 2; fig. 2, IB and 2A), 
and the duration of the descending limb exhibits great variability. Nuclear 
spikes of all durations between 2.5 and 17 msec, have been observed. At dura- 
tions of 2.5 msec., the nuclear wave is spike-like and suggests the sjmchronous 
discharge of a group of similar secondaiy neurons. Waves of longer duration 
may be attributed either to the discharge of additional neurons or to the repeti- 
tive firing of those responsible for the early part of the wave: 

As might be expected the recovery times of different nuclear spikes are also 
variable. The earlj" phase of the excitability cj’-cle of a nuclear spike of rather 
short duration is showm in figure 2, 2B-D. It is seen that the secondary neurons 
aie lelati^eIy unresponsive after activity for a far longer time than are the 
primary afferent neurons (fig. 2, IB). In different preparations the absolutely 
unresponsive periods of elements re.sponsible for the nuclear spikes range be- 
tween 3 and 6 msec., and the relatively unresponsive states persist for from 30 
to 170 msec. 
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Records taken from the adjacent reticular formation, medial to the nucleus of 
the spinal fifth tract and in the region of passage of axons emerging from it, are 
similar to those from the nucleus itself. The discharge show in figure 2, 3A, 
recorded from the reticular formation 1 mm. from the edge of the spinal fifth 
nucleus, is remarkable for its prolonged duration. A series of records, showng 
the effect of a testing volley following a conditioning volley at increasing in- 
tervals (fig. 2, 3B-E), demonstrate that the recovery time for the elements pro- 
ducing the delaj'^ed activity is different from that of those responsible for the 
initial phase of the wave, which presumablj’^' represents the discharge of axons 
of the secondary trigeminal neurons. It is suggested that the delayed discharge 
is the result of the activation of interneurons, and such presumed indications of 
intemuncial activity have been encountered from within and close to the spinal 



Fig. 2. Action potentials recorded from the spinal fifth tract (1), spinal fifth nucleus 
(2), and reticular formation 1 mm. medial to spinal fifth nucleus (3), upon stimulation of 
an infraorbital branch of the trigeminal nerve at the face. Intervals between shocks, 
in 1 B, 4 msec.; in 2 B-D, 3.7, 5.8 and 11.3 msec.; in 3 B-E, 7.8, 17, 34 and 57 msec. Ampli- 
fication same in all. 

fifth nucleus in many experiments. Although no detailed analysis has been 
made to clarify its derivation, the presence of a later negative deflection follovang 
the nuclear spike should be noted (fig. 2). 

II. Intramedullary representation of the trigeminal nerve. Spinal 
fifth tract. In their course in the sensory root and spinal fifth tract the primary 
afferent fibers of the three trigeminal dhdsions are laminated in a dorso-ventral 
order which is the inverse of their peripheral distribution in the face, as is show 
in figure 3. In this instance, the needle electrode was inserted into the rostral 
part of the left spinal fifth tract and halted at half millimeter inteiwals 1 to 7. 
At each stop records were taken of the electrical activity induced by serially 
stimulating peripheral branches of the mandibular, maxillarj’- and ophthalmic 
divisions of the trigeminal neiwe. It can be seen that fast positive spikes fi’om 
fibers of the mandibular division, sho^^'n b 3 ’’ squares, were obtained at stops 2 
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and 3 in the dorsal part of the spinal fifth tract (fig. 3). Those from the maxil- 
lary division, shoivn by circles, were found at stops 4, 5 and 6, chiefly 4 and 5, 
in the intermediate part of the tract, and those from the ophthalmic division, 
shown by triangles, from stops 6 and 7 in the ventral part of the tract (fig. 3). 
The results demonstrate that the representation of the trigeminal nen^e lyithm 
the spinal fifth tract is by divisions, and the arrangement of the divisions is the 
inverse of their peripheral distribution, the mandibular division being situated 


HAND MAX OPTH 



Fig. 3. Electrode lowered into left spinal fifth tract and halted at half millimeter inter- 
vals 1 to 7. Records of potentials induced by serially stimulating branches of the three 
trigeminal divisions at each stop are shown. 


dorsally, the maxillary division in an intermediate position, and the ophthalmic 
division ventrally in the spinal fifth tract. 

Further data are shown in figure 4 on drawings of transverse sections of the 
medulla, upon which are indicated the results of a number of experiments. 
With the trigeminal divisions designated as in figure 3, points from n^hich pri- 
mary spikes ivere recorded are shovTi with stippled symbols and those yielding 
spikes from secondary neurons, with solid S 3 ^mbols. At the leiml of figure 4 A, 
the rotation of the sensory root (Davis and Haven, 1933) is not yet complete! 
Here the mandibular, maxillary and ophthalmic fibers are respectively in the 
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dorso-lateral, intennediate and ventro-medial parts of the sensoiy root. 
Throughout the main extent of the spinal fifth tract (fig. 4, B, C, D), the dorso- 
ventral lamination of the three divisions seen in figure 3 is encountered. Spikes 
from primary afferent fibers of the mandibular division were recorded as far 
caudallj^ as the level of the obex (fig. 4 E). IN'Iaxillaiy and ophthalmic fibers 
were detected as far caudalty as the first cervical segment (fig. 4F). 

Main sensory and spinal fifth nncleus. Secondary trigeminal spikes recorded 
from the main sensory nucleus (fig. 4 A) and the nucleus of the spinal fifth 




Fig. 4. Six transverse levels through the medulla of the cat showing the distribution 
of points from which action potentials were recorded upon peripheral trigeminal stimula- 
tion. S 3 "mbols as in figure 3. Abbreviations are as follows: 

BC, brachium conjunctivum; DLF, dorsolateral fasciculus; DP, decussation of pyra- 
mids; HY, hypoglossal nucleus; 10, infei-ior olivary nucleus; LC, lateral column; MLF, 
medial longitudinal fasciculus; MNS, main sensor 3 ’- nucleus of trigeminal; MV, motor 
nucleus of trigeminal; PC, posterior column; PY, pyramid; RB, restiform body; SO, su- 
perior olivar 3 '’ nucleus; SN, nucleus of spinal fifth tract; jSF, spinal fifth tract; TB, trape- 
zoid bod 3 '; TS, tractus solitarius; VR, sensory root of trigeminal; X, vagal nucleus; 7, 
genu of facial nerve. 

tract (fig. 4 B-D) were similar in configuration. Throughout the extent of the 
spinal fifth nucleus a tendencj'^ was indicated for a dorso-ventral lamination of 
the three trigeminal divisions similar to that in the spinal fifth tract, but with 
greater overlap (fig. 4 B-D). No rostro-caudal projection of trigeminal divi- 
sions upon the secondary neurons of the spinal fifth nucleus could be detected. 

Secondary trigeminal pathways. Potentials of smaller magnitude, but of about 
the same latencj’’ as the nuclear spikes, were recorded from points distributed 
through the reticular formation and over into the medial part of the opposite 
side of the medulla, through its rosti-o-caudal extent (fig. 4). These are attrib- 
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uted to the discharge of secondary trigeminal connections, which appear to 
course through the reticular formation as arcuate fibers and pass to the ventro- 
medial part of the opposite side of the medulla in considerable numbers. From 
this region they may be followed forward in the medial lemniscus to the thalamus 
(Magoun and Mcffinlej’-, 1942). In this part of their course the connections 
from the three trigeminal divisions appear to be indiscriminately mixed. Indi- 
cations of reflex connections with bulbar motor nuclei have also been encountered. 

‘■'■Onion peel” theor'y. In other experiments, comparison of the distribution 
of fibers from two mandibular branches, the anterior mental and the auriculo- 
temporal, was made as a test for the “onion peel” theoiy of trigeminal repre- 
sentation within the medulla. Since the areas innervated by these two nerves 
are respectively at the center and periphery of the “onion,” a significant dif- 
ference in the central distribution of their fibers should be expected. Their 
course in the spinal fifth tract and their most caudal extent, as detected by this 
method of study, were, however, identical. In addition, the distribution of 
secondary neurons in the spinal fifth nucleus which were fired by fibers of these 
two branches was the same. It is difficult to postulate other than a divisional 
representation in the face of such findings. 

Discussion. The results of these experiments support the view that the 
representation of the trigeminal neiwe in the spinal fifth tract is a divisional one, 
both as regards an inverted dorso-ventral lamination and as regards a varying 
rostro-caudal extent. A dmsional representation in The secondary neurons of 
the spinal fifth nucleus is also demonstrated to the extent of a dorso-ventral 
lamination similar to that in the spinal fifth tract, but with greater overlap. 
No definite rostro-caudal projection upon the secondar}'^ neurons could be 
detected, however, for secondaiy spikes were recorded throughout the extent 
of the spinal fifth nucleus in the case of each tiigeminal division. 

The only action potentials recorded from the spinal fifth tract and clearly 
identified with primary afferent fibers in these experiments have been from 
fast conducting and, presumably, large fibers. The results of Harrison and 
Corbin (1942) indicate that they mediate the sensation of touch. Potentials 
from fine and, presumably, slower conducting fibers, which have been shomi 
to descend in the spinal fifth tract bj’^ AVindle (1926), could not be detected and 
the distribution of these fine fibers could not be determined. 

The bulbar course of trigeminal afferents in the spinal fifth tract and nucleus 
constitute an anatomical arrangement which is analogous to the connection of 
dorsal root afferents vith sensoiy neurons of the dorsal gray column of the 
spinal cord and the potentials recorded from the spinal fifth tract are similar to 
the afferent cord potentials recorded by Gasser and Graham' (1933) and Hughes 
and Gasser (1934). In both cases there occurs a fast spike followed by a more 
disperse intermediarj^ wave. The initial deflection is attributed to the dis- 
charge of primary afferent fibers, and the later wave to the subsequent firing 
of adjacent neurons, which in the trigeminal S 3 ^stem can be recorded from, in 
relative isolation, in the nucleus of the spinal fifth tract. 
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SUMMARY 

The character and distribution of action potentials recorded from points 
within the medulla of the cat upon electrical stimulation of peripheral branches 
of the three trigeminal dmsions are described. 

In their course in the sensory root and spinal fifth tract, fast conducting fibers 
of the three trigeminal divisions are laminated in a dorso-ventral order which 
is the inverse of their distribution in the face. Fibers of the mandibular division 
are detected as far caudally as the obex; those of the maxillary and ophthalmic 
dhdsions as far caudally as the first cervical segment. 

The neurons of the spinal fifth nucleus fired by primaiy fibers of the three 
trigeminal divisions are laminated in a dorso-ventral order similar to that of 
the spinal fifth tract, but wdth greater overlap. Secondaiy trigeminal pathways 
pass diffusely across the reticular formation to the ventro-medial part of the 
opposite side of the medulla and ascend in relation to the medial lemniscus. 
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Wlien histamine is placed in the bod}-- in wateiy solution, it is absorbed rap- 
idlj'- and its effects are of relativel}'- short duration (Dale and Laidlaw, 1910). 
The present investigation was undertaken with the aim of developing a pro- 
cedure whereby the period of action of single injections of histamine could be 
extended so that the effects of prolonged, continuous action of histamine might 
be studied. 

Experimental procedure. The principle of the various procedures used in 
trying to extend the action of histamine was to mix it vdth a material which 
would be absorbed slowly, the aim being to have histamine gradually liberated 
from the site of injection. Two tests were used to determine the rate of ab- 
sorption of histamine from the injected mixtures. In the first test, using guinea 
pigs, a comparison was made between the effects of large doses of liistamine in 
saline solution and similar doses of histamine in one of the mixtures. llTiile 
this test was satisfactory for the preliminary identification of slowed absorption 
of histamine, it did not give any measure of the duration and intensity of the pro- 
longed action. The second test allowed a quantitative estimation of the period of 
action of histamine. In it the amount, acidity and duration of secretion from 
gastric pouches of dogs were measured in response to the injection of the various 
mixtures of histamine. The pouches of the stomach were prepared according to 
the method of Heidenhain with the animal under ether or pentobarbital sodium 
(nembutal) anesthesia. Sufficient time for complete recovery and healing was 
allowed before tests were commenced. An overnight fast preceded all tests 
and no food was given during the period of observation. The volume of gastric 
juice secreted was measured each hour. The free and total acidit 3 '' of the hourlj'’ 
samples was determined bj^ titration with tenth-normal sodium hj'-dro.xide using 
Topfer’s reagent and phenolphthalein as indicators. The hydrochloric acid 
content of each sample of juice was calculated from the free acidity titration 
values; the total output of hj'drochloric acid from the gastric pouch, in grams 
of hydrochloric acid, was computed for each test. The free acidity was expressed 
in the usual clinical units of degrees of free acid. 

An attempt was first made to prolong the action of histamine bj'' su.spending 
it in mineral oil. Finely powdered histamine was ground with gtycol stearate 
and then suspended in mineral oil. Guinea pigs into which this suspension was 
injected showed sjmiptoms as quickly and died as frequently as animals 

' This investigation was aided by grants from the Committee on Scientific Research of 
the Amencan Medical Association (nos. 526 and 556) and from the Graduate School of the 
Lmvcrsity of Minnesota. 

= Present address, Mayo Foundation, Rochester, Minnesota. 
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receiving the same doses of liistamine in saline solution. Similar results were 
obtained -when particles of histamine were covered wdth paraffin and suspended 
in oil. Definite protection was obtained, ho^vever, when histamine was placed 
in a mixture of beeswax and mineral oil. 

In preparing the beeswax mixture the salt of histamine was first ground to as 
fine a powder as possible in an agate mortar. Histamine acid phosphate was 
used generally although a few’^ experiments were performed vdth the dihy- 
drochloride. "ViTien the dihydrochloride Avas used, care was taken to drj’’ it 
thoroughly before mixing it mth the beeswax. Weighed quantities of the finely 
powdered histamine were placed in a hot agate mortar. The mortar had been 
preheated in winter brought to the boil and in addition was sometimes kept warm 
over a hot water bath. Hot molten beeswax was added from a pipet or a cali- 
brated dropper and the histamine and beeswax were mixed thorough^. Hot 
mineral oil then wms added and the mixture stirred until of uniform consistency. 
lAffiile still molten the mixture w^as drawn into 1 cc. tuberculin syringes. These 
had been warmed b}'’ rinsing vith hot mineral oil. On cooling to room tempera- 
ture the mixture formed a semisolid mass wffiich at usual room temperatures 
■was iniected easily through 20 or even 22 gauge needles. 

The concentration of histamine usualty used ranged from 15 to 100 mgm. of 
the base per cubic centimeter of the mixture. In the case of the acid phosphate 
this required placing approximately 42 to 278 mgm. in each cubic centimeter of 
the mixture. Satisfactory preparations wdth concentrations greater than 100 
mgm. of the base per cubic centimeter have been made vdth the less bulky dihy- 
drochloride salt. 

The amount of beeswax in the mixture ranged from a fourth to a fifth of the 
total volume of liquid employed. Ordinarj’" beeswax, beeswax mixed ■iwth a 
little resin and bleached beeswax have been used in preparing the mixture. All 
have given about equalty satisfactory results. In one experiment, mixtures 
made wdth ordinary beeswax and beeswax containing a little resin were compared. 
The beeswax containing a little resin seemed to give a slightly more tenacious 
mixture from which absorption may have been a little slower than from the other 
mixtures. The bleached beeswax gives a wdiite or nearly Avhite mixture. 

As a routine, ordinary mineral oil was used as a diluent. The amourrt em- 
ploj'ed varied from three-fourths to four-fifths of the total volume of liquid in 
the mixture. The proportions of the various constituents used in the preparation 
of the mixture are illustrated in the following typical example; if 500 mgm. 
of histamine acid phosphate, containing 180 mgm. histamine base, was to be 
made up in a batch of mixture to corrtain 100 mgm. histamine base per 
cubic centimeter, 1.8 cc. of liquid was used of rvhich 0.4 cc. was beeswax and 
1.4 cc. mineral oil. The procedure does not take into account the volume of the 
powered histamine nor does it allow for the shrinkage which occurs when the 
hot beeswax and mineral oil cool. 

Some experiments have been performed using sesame oil in place of mineral 
oil as a diluent. The mixture with sesame oil is some'what firmer than with min- 
eral oil and to prevent difficulty -when injecting, not more than a fifth of the total 
volume of the mixture should be bees'u'ax. 
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The melting point of a number of different batches of the mixture of histamine, 
beeswax and mineral oil was determined. In making this determination, the 
mixture was placed in a capillary’- glass tube or between two cover slips and signs 
of melting were watched for through a magnifying system as heat was applied 
through alcohol to the capillaiy tube and thi’ough metal to the cover slips. As 
determined by these procedures the melting point of the mixture of histamine, 
beeswax and mineral oil was above body temperature. Melting of the mixture 
began between 40 and 50°C. and at 50 to 54°C. the mixture was definitely molten. 
All doses of histamine are expressed in terms of the free base. As a routine, injec- 
tions were given subcutaneously to guinea pigs and into the spinal or abdominal 
muscles of dogs. The tissues at the sites of injection were examined at various 
inteiwals after administration of the beesAvax mixture. 

TABLE 1 


Comparison oj the effects of histaynine in saline solution and in beeswax mixture on guinea pigs 





HISTAMINE INJECTED 

1 HISTAMINE BEACTtON 

ANIMAL 

BODY 

WEIGHT 

Mgm. per 
100 grams 
of body 
weight 

In 

! 

Degree j 

Outcome 

1 

1 ' 

crams 

604 1 

0.5 

Beeswax 

Mild 

Recovery 

2 

585 

0.4 

Beeswax 

Mild 

Recovery 

3 

605 

0.3 

Beeswax 

Mild 

Recovery 

4 

618 

0.3 

Beeswax 

None 

Recovery 

6 

540 

0.3 

Beeswax 

Mild 

Recovery 

6 

587 

0.4 

Saline 

Severe 

Fatal 

7 

542 

0.3 

Saline 

Severe 1 

Fatal 

8* 

538 

0.4 

Extract of beeswax 

Severe j 

Fatal 

9* 

573 

0.3 

Extract of beeswax 

Severe 

Recovery 


* Quantities of the mi.Ature of histamine and beeswax containing 0.4 and 0.3 mgm. of 
histamine per 100 grams of body weight of guinea pigs S and 9, respectively, were extracted 
with hot saline solution to melt the beeswax and the resulting saline extract was injected. 


Results. The guinea pig. The mixture of liistamine and beeswax was- 
tested first on guinea pigs. Doses of histamine ranging from 0.3 to 0.5 mgm. 
per 100 grams of guinea pig were used. Such quantities of liistamine, when dis- 
solved in saline solution and injected subcutaneously, uniformly produced severe 
reactions which usually terminated fatally. When these doses were placed in 
the beeswax mixture and injected subcutaneously or intramuscularly, there 
was little or no reaction and none of the animals died (tablel). The results 
were so striking that it seemed possible that part of the histamine might have 
been destroyed by the beeswax. To test this, quantities of the beeswax mixture 
containing 0.4 and 0.3 mgm. of histamine per 100 grams of body weight of two 
pinea pigs were extracted with hot saline solution to melt the beeswax. In- 
jection of the resulting saline extracts produced severe or fatal reactions in the 
guinea pigs (table 1, animals 8 and 9). Placing the histamine in the beeswax 
mixture had not destroyed it. 





228 


CHARLES F. CODE AND RICHARD L. VARCO 


The dog. The results with the guinea pigs showed that some protection was 
obtained by placing histamine in the mixture of beeswax and mineral oil but the 
tests did not give any quantitative indication of prolonged action of histamine. 
For this purpose dogs that had Heidenhain pouches of the stomach were used and 
after the injection of a mixture containing histamine, the duration, volume 
and acidit}'’ of the secretion from the pouches were taken as measures of the 
action of histamine. Four dogs were studied in detail. In these the gastric 
juice secreted was collected eveiy hour until the stimulating effects of the in- 

TABLE 2 


Gastric juice secreted from Heidenhain pouches in dogs in response to histamine in the beeswax 
mixture, histamine in saline solution and the beeswax mixture alone 


DOG 

EXPERI- 

MENT 

HISTAMINE INJECTED 

STIMULATION OF GASTRIC SECRETION 

Histamine 

reaction 

Dose 

Dose contained in 

Number 
of sites 
dose 
divided 
between 

Hours 

con- 

tinued 

Total juice secreted 

Volume 

Material 

Volume 

Equiv- 

alent 

volume 

N/10 

HCl 

Grams 

HCl 



mgm. 

CC, 




CC, 

CC. 



1 

1 

15 

0.75 

Beeswax mixture 


24 

811 

1147 

4.2 

Nil 


2 

30 

1.10 

Beeswax mixture 


29 

861 

1230 

4.5 

Mild 


3 

33 

0.94 

Beeswax mixture 

20 

52 

1312 

1873 

6.8 

Nil 


4 

60 

0.82 

Beeswax mixture 

20 

50 

1570 

2134 

7.8 

Severe 


5 

15 

1.00 

Saline 

10 

7 

103 

143 

0.5 

Severe 


6 

0 

1.00 

Beeswax mixture 

20 

0 




Nil 

2 

1 

30 

0.80 

Beeswax mixture 

20 

27 

683 

988 

3.6 

Nil 


2 

30 

1.20 

Beeswax mixture 

2 

51 

820 

1199 

4.4 

Nil 


3 

30 

1.00 

Saline 

10 

3 

43 

64 

0.2 

Severe 


4 

0 

1.00 

Beeswax mi.xture 

20 

0 




Nil 

3 

1 

15 

1.00 

Beeswax mixture 


29 

1350 

l^«l 

7.2 

Mild 


2 

15 

0.54 

Beeswax mixture 

■■ 

29 

875 

1255 

4.6 

Nil 


3 

15 

1.00 

Saline 

10 

3 

98 

132 


Severe 

4 

1 

35 

1.00 

Beeswax mixture 

20 

30 

Ql 

1062 

3.9 

Nil 


2 

56 

0.9 

Beeswax mixture 

20 

46 

Ql 

1627 

5.9 

Nil 


jection had subsided. With two other animals hourl}'’ collections of juice 
were made at various inteiwals over the period of stimulation. In all, seventeen 
injections of histamine in the beeswax mixture were made into dogs that had 
Heidenhain pouches. The doses used ranged from 15 to 60 mgm. of histamine 
base. These amounts of histamine were contained in from 0.3 to 1.2 cc. of the 
mixture of histamine and beeswax. As a rule, when the mixture was injected, 
the volume containing the desired dose of histamine was divided among ten to 
twentj^ different intramuscular sites', about 0.05 cc. being injected at each point. 
This was done to keep the volume of foreign material at any one spot in the 
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muscle small and thus to keep the possibility of formation of abscess at a min- 
imum. As the research progressed it was found that soon after injection the 
beeswax mixture became distributed along the long axis of the muscle fibers and 
bundles and that quantities of 0.1 to 0.5 cc. of the mixture in a single injection 
site were well tolerated. 

When doses of histamine ranging from 15 to 60 mgm. were administered in 
watery solution to dogs, severe if not fatal reactions invariably ensued. When 
these doses were given in the beeswax mixture, onl 3 ’‘ one severe and two mild 
reactions occurred. None of the reactions was fatal and all had subsided an 
hour after the injection. The severe reaction occurred when 60 mgm. of his- 
tamine was given in 0.8 cc. of beeswax mixture (table 2, dog 1, expt. 4). In 
this reaction there were repeated emesis, defecation, urination, some labored 
breathing and a rapid, rather feeble pulse with prostration for about one hour. 



Fig. 1. Gastric secretory response from Heidenhain pouch of dog 1 when given 15 mgm. 
histamine in the beeswax mixture (.A) , and 30 mgm. histamine in the beeswax mixture (B) . 
In both instances the material injected was divided among twenty different intramuscular 
sites. The time of injection is indicated by arrow 1 . The total volume and hydrochloric 
acid content of the juice secreted during the first twenty-four hours are shown at arrow 2. 

There was an increase of respiration in both mild reactions, vfith urination, 
defecation and vomiting in one but prostration of the animal did not occur in 
either. In all other instances the onlj’- obvious sign of action of histamine was 
a flow of gastric juice from the pouch. 

As a rule the secretion of gastric juice commenced during the first fifteen min- 
utes, reached its maximum during the first ten hours and continued for twenty- 
four or more hours after the injection of the mixture of histamine and beeswax 
(foi example, figs. 1 and 2). In the case of the four animals whose responses 
were followed in detail, volumes of gastric juice ranging from 683 to 1570 cc., 
equivalent to 1 to 2 liters of tenth-normal hj’^drochloric acid, were secreted over 
periods of twenty-four to fifty-two hours when histamine was given in the bees- 
wax mixture (table 2). The concentration of hydrochloric acid in the gastric 
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juice secreted in response to the mixture of histamine and beeswax varied over a 
narrow range. As a rule, the concentration of free hydrochloric acid rose to 
approximatel 3 ’- 0.55 per cent (150 degrees free hydrochloric acid in the customarj'- 
clinical units) and remained close to this value during the. first twenty-four 
hours after injection when secretion was most active (figs. 1 and 2). Then, as 
the rate of secretion declined, the concentration of h 3 ’-drochloric acid also de- 
clined. The animals whose responses to the mixture of histamine and beeswax 
were followed during the entire period of stimulation secreted a total of 3.6 to 
7.8 grams of hydrochloric acid (table 2 ). The concentration of h 3 'drochloric acid 
in the total volume of juice secreted ranged from 0.49 to 0.54 per cent (134 to 
149 degrees free hydrochloric acid). 



Fig. 2. Gastric secretory response from Heidenhain pouch of dog 2. At arrow 1 , 30 mgm. 
histamine in the beeswax mixture was given divided among twenty different intramuscular 
injection sites (A), and divided between only two intramuscular injection sites (B). The 
total volume and hydrochloric acid content of the juice secreted during the first tventy- 
four hours are shown at arrow 3 . 

The volume of gastric juice secreted in response to injection of the mixture of 
histamine and beeswax involved the loss of considerable quantities of vater, 
chloride and hydrogen ion. These losses were combated 63 ^ adding salt to the 
drinking water, giving saline solution b 3 ’' vein and under the skin and b 3 ^ the 
return of gastric juice b 3 '’ tube to the stomach. A standard routine for replace- 
ment of the losses was not followed, however, and this fact ma 3 ’’ account foi pait 
of the variability in the results (table 2). The results from two experiments 
were discarded from the series because gross bleeding from the pouch occurred 
duiing the period of active secretion. During another experiment the animal 
passed a series of loose tarr 3 ^ stools indicative of bleeding in the upper reaches of 
the gastro-intestinal tract. 

With one animal the secretion obtained from 30 mgm. of histamine in beesv ax 
when divided among twenty sites of injection was compared vdth that obtaine 
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when the same dose was given into onlj^ two sites (fig. 2). Judging from the 
secretory response the absorption of the histamine was at a more constant rate 
and extended over a somewhat longer period when the mixture was injected in 
only two places than when it was injected in twenty places. 

The quantities of gastric juice secreted in response to injection of the mix- 
ture of histamine and beeswax Avere so large that .the question arose, does the 
beeswax itself contribute to the gastric stimulation? -To check this possibility a 
batch of the mixture of beesu'ax and mineral oil wiilioui histamine Avas made up 
cc. injected into each of tiA'-o dogs. As usual, the material injected Avas 
divided between tAventy different intramuscular sites and the juice secreted from 
the pouches was collected each hour for tAventy-four hours. The total A’'olume of 
juice secreted over the tAventy-four hour period Avas 15 cc. in one animal and 52 cc. 
in the other (fig. 3). At no time during the tAA'-enty-four hour period after the 



Fig. 3. Control observations on the gastric secretory response from Heidenhain pouch 
of dog 2. In A, at arrow 1, 30 mgm. histamine in saline solution was injected intramuscu- 
larly. In B, 1 cc. beeswax mixture without histamine was injected intramuscularly at 
arrow f. The total volume and hydrochloric acid content of the juice secreted during the 
period of observation is indicated at arrow 2. 

injection of beeswax did the rate of gastric secretion exceed that often found in 
these animals under ordinary fasting conditions. It seems safe to conclude that 
the major part, if ndt all, of the stimulating action of the mixture of his- 
tamine and beesAvax on gastric secretion is due to the presence of histamine in the 
mixture. 

In order to gain a better measure of the degree of protection obtained by the 
use of^the beesAA-ax, doses of histamine similar to those used Avith the beesAA'ax 
were given in saline solution to three of the dogs. Tavo of the animals received 
15 mgm. and one 30 mgm. of histamine. The histamine Avas dissoh^ed in 1 cc. 
saline solution and to simulate the injection of the beesAA’-ax mixture this Amlume 
AA-as diAdded betAveen ten intramuscular sites of injection. In all instances a 
severe reaction cpnsisting of resjJiratorA- difficulty, repeated emesis, defecation 
and urination AAdtli marked ijrostration dei'-eloped three to six minutes after 
the injection and lasted for thirty to forty minutes. During the first 
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thirty minutes, when the reaction was most severe, there was little or no gastric 
secretion. After recoveiy from the reaction secretion increased, reaching a 
maximum during the second or tliird hour and then sharply declining so that by 
the end of four or four and a half hours secretion had returned to the fasting level 
(fig. 3). The total volumes of juice secreted during this period were 103, 43 and 
98 cc., respectively, compared vith 811, 683 and 1350 cc. secreted ivhen the 
same doses of histamine in the beeswax mixture were given to the same animals 
(table 2). Approximately eight to sixteen times as much juice was secreted 
when the histamine was placed in beeswax as when it was dissolved in saline 
solution. 


CojUMENT. Suspending histamine in mineral oil did not prolong its action. 
Apparently the tissue fluid reached the histamine particles in the oily suspension, 
dissolved them and carried the histamine away to produce its physiologic 
effects about as quickly as when the liistamine was given dissolved in saline 
solution. A similar result was obtained when the particles of histamine were 
coated with paraffin and then suspended in mineral oil. The apparent cause of 
this was that at body temperature the paraffin dissolved in the mineral oil, 
leaving the histamine in suspension and thus affording little more protection 
than simple suspension in the oil. Histamine acid phosphate, which is very 
soluble in water, was used in these experiments and it would appear that if 
prolonged action were to be obtained by suspension in oil some less soluble form of 


histamine would have to be used. 

It was wliile we were looking for a protective coating for the histamine 
particles which would not melt off at bodj’" temperature that beeswax was first 
used. Placing the histamine in the beeswax mixture certainl}’’ extended its 
period of action. The likely explanation for the phenomenon seems to be that 
displacement of the coating of beeswax mixture vath admission of tissue fluid 
to the histamine particles takes place graduall.y through the mass of injected 
material and in this way a gradual liberation of' histamine is obtained. 

The total volume of gastric juice secreted by a pouch of the stomach in 
response to a dose of histamine in beeswax was a great deal larger than that 
produced by similar doses of histamine administered in saline solution. This 
feature of the results emphasizes the important physiologic difference between 
the sudden release of a large quantity of histamine and its prolonged continuous 
liberation. The acute effects of a rapid release or injection of histamine hai e 
been studied carefully but the usual methods of administration have not allov ec 
a satisfactory investigation of the effects of continuous liberation of small quan- 
tities of histamine over prolonged periods. Use of the mixture of beesw<ax an 
histamine has afforded a means of studying the physiologic and pathologic 
results of chronic action of histamine (1, 2, 3). 


SUMWART 

In this studj’' the amount, acidity and duration of secretion from gastric 
pouches of dogs following injection of histamine in a beeswax mixture were used 
as quantitative measures of the intensity and period of action of the histamine 
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contained in the mixture. In response to 15 to 60 mgm. doses of histamine in 
the mixture the pouches secreted gastric juice for twent 3 ^-four or more hours. 
The juice secreted during this time varied between 683 and 1,570 cc. and its 
Itydrochloric acid concentration ranged from 0.49 to 0.54 per cent (134 to 149 
degrees free hydrochloric acid in the customaiy clinical units). A comparison 
of the secretory response of the pouches to 15 and 30 mgm. doses of histamine 
in beeswax with the response obtained to similar doses in saline solution showed 
that in saline solution the response was completed in four and a half hours or 
less in contrast to twent 3 ’’-four or more hours when the beeswax mixture was 
used and that the volume obtained when saline solution was used was onl 3 '' about 
an eighth to a sixteenth of that secreted when the histamine was placed in the 
beeswax mixture. To determine whether the beeswax itself contributed to the 
gastric stimulation, a mixture of beeswax and mineral oil containing no histamine 
was injected. It had little or no effect on gastric secretion. It has been con- 
cluded that the duration of the action of histamine may be prolonged b 3 ’’ placing 
it in a beeswax mixture. 


REFERENCES 

(1) Walpole, S. H., R. L. Vahco, C. F. Code and 0. H. Wangensteen. Proo. Soc. Ex- 

per. Biol, and Med. 4A: 619, 1940. 

(2) Varco, R. L., C. F. Code, S. H. Walpole and 0. H. Wangensteen. This Journal 

133: P475, 1941. 

(3) Hay, L. H., R. L. Varco, C. F. Code and 0. H. Wangensteen. Surg., Gynec. and 

Obst. (In press.) 



THE SPONTANEOUS MOTILITY OF THE PYLORIC SPHINCTER AND 
ITS RELATION TO GASTRIC EVACUATION: 

THE “PYLORIC DIAGRAPH”^ 


J. P. QUIGLEY AND M. E. EEAD 

From the Department of Physiology, Western Reserve University Medical School, 

Cleveland, Ohio 

Received for publication May 12, 1942 

The normal state of the pyloric sphincter and its influence on the propulsion 
of chyme has been variously described. According to the older view (sum- 
marized by Alvarez (1)) the sphincter was normalb;- closed, either because it 
characteristically possessed a high degree of tonus or it was normally in a state 
of actual contraction. The sphincter thus functioned as the “keeper of the 
gate” and only permitted material to pass through either when it periodically 
relaxed or when sufficient pressure developed in an adjacent portion of the gut 
overcame the sphincter resistance and forced it to open. 

Much of the recent literature, reviewed in part by Meschan and Quigley (2) 
or by Werle et al. (3), indicates the sphincter is open much of the time and does 
not constitute the major factor regulating gastric evacuation. These conclusions 
resulted from studies in which such foreign bodies as rubber balloons were present 
in the sphincter lumen. Since these objects might modify the motility and thus 
be responsible for the difference in the conclusions reached bj’’ the two groups 
of investigators, it became desirable to restudy the subject by a method Avhich 
did not require the presence of a foreign body in the sphincter lumen. 

Experimental. The follomng methods Avere emplo 5 ’'ed. Using sterile 
technic, two lead shot Avere secured to the serosa crossAAuse of the pjdoric sphincter 
so the shot would approach each other during sphincter contraction and be 
farther apart during sphincter relaxation. MoAmment of the shot was noted 
during experimental examinations by obseriung the alterations in their shadows 
cast on a fluoroscopic screen. This movement Avas registered by a, device^de- 
signed to record the distance across the sphincter, the “pyloric diagraph or 
“shot chaser” (fig. 1). The portion of the apparatus resting on the fluoroscopic 
screen was moved about freely by the handles, A. The tips, B, AA’ere kept di- 
rectly over the shadoAvs of the lead shot. Changes in the distance betAveen the 
tips B produced pressure changes in belloAVS C AAffiich were recorded by the optica 
manometer D. Respiratory moAmments moA'^ed the sphincter considerably ut 
did not appreciably alter the distance between the shot; this type of moA'^ement, 
therefore, did not appear on the record. For most experimenters, the ability to 
use the pyloric diagraph effectivety required seA^eral Aveeks of training, an ^ j® 
degree of concentration necessary during an experiment AA^as such to imi i s 
use to consecutive 4 to 5 minute periods, mile emplo>dng the pyloric diagrapti, 

^ This investigation was aided by a research grant from the Ella Sachs Plots Found 
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the experimenter’s head was in a chamber, light-proof except at the floor which 

was composed of the fluoroscopic screen. _ • i 

A guide to the interpretation of the results obtained from the pyloric diagraph 
was obtained in eight experiments performed on unanesthetized dogs by making a 
pyloric diagraph record (fig. 2) simultaneously with the registration of the antral 





Fig. 1. The "Pyloric Diagraph.” Handles A used to move the arms B so tips are kept 
directly over fluoroscopic shadows of lead shot secured to serosa crosswise of the pyloric 
sphincter. Alterations in distance betw^een tips B produce pressure changes in bellows C. 
Pressure changes recorded from optical manometer D. 
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Fig. 2. Fasting animal. Upper record, pyloric sphincter motility as recorded by the 
shot chaser; lower record, sphincter activity recorded by the miniature balloon in the 
sphincter. Center records of antral and bulbar intralunien pressures. At right side, 
pressure scale of A, antral record, and B, of bulbar record. ’ 


and bulbar pressures by the method of Brody et al. (4), and a record from a 
miniatiue balloon (3x8 mm.) placed on the spiiincter lumen and connected with 
an ojitical manometer. In addition, passage of a radio-opaque meal through the 
sphincter was studied fluoroscopically by a second obseiver who signalled the 
event by closing a key and thus caused abeam of light to strike the same photo- 
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graphic paper used to register the other phenomena. It was thus determined 
that records from the pyloric diagraph indicated rather accurately whether the 
sphincter was open or closed and when each phase of the movement began and 
terminated, but they gave only an approximate indication of the tonus changes 
and the magnitude of sphincter movement. 

In addition to the types of experiments just described, twelve studies were 
made in which no recording device was placed in the sphincter lumen, but the 
antral and bulbar pressures were recorded from registering tips within the gut 
lumen, and the sphincter activity was followed \vith the pyloric diagraph (fig. 
3). In an additional series of eight experiments, the pyloric diagraph alone was 
employed for registration and the gut lumen was free from recording devices. 
One-half of the latter two groups of studies was performed on fasting animals, 
but on the other ten occasions a BaSO^ meal was administered and the passage 



Fig. 3. Animal fed a BaS04 meal. Horizontal bars at top of record mark the intervals 
during which material was seen passing through the sphincter. Antral and bulbar 
intralumen pressures are indicated and at the right the scales indicate A, the antral pres- 
sure calibration, and B, the bulbar pressure. The sphincter record at the bottom of the 
record was obtained by the “shot chaser” method and adjacent to it is marked the onset 
and end of each evacuation cycle. 

of material through the sphincter tvas recorded by the fluoroscopic method 
indicated above. 

Results and interpretations. No difference was detected in the funda- 
mental type of motility of the pyloric sphincter when recording equipment vas 
present or absent from the lumen, nor in the fasting animals as compared vith 
those evacuating gastric contents. The quiescent sphincter either in the fed or 
fasting animal was in the relaxed state. These results, obtained from diiect 
observations, are contraiy to the former teaching and they pi'eclude the sphincter 
functioning under these conditions in a manner compatible with the usual im- 
plication of the term, “the keeper of the gate.” The sphincter usually exliibited 
motility (especially in the fed animal) and this took the form of rhythmic waves 
which progressed in an orderly sequence over the antrum, sphincter and bulb. 
The fraction of each cj^cle during which the sphincter was relaxed varied inversel}'’ 
with the frequency of sphincter contraction, but in general the sphincter vas 
relaxed for at least 60 per cent of the time. 

Opening of the sphincter was not dependent to an important degree on the 
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force exerted by material expelled from a neighboring region. This claini is 
supported by the observation that the sphincter usually opened when nothing 
was being propelled in its immediate vicinity and also by the fact that while the 
sphincter was relaxing the antral and bulbar pressures were at or near their basal 
levels of 1.5-3 cm. of water. Contraiy to the previous teaching, nothing passed 
through the sphincter in the period during which the sphincter was relaxing nor 
during the immediately succeeding interval. 

Gastric evacuation normally began some time after the sphincter relaxation 
was complete (approximately in the latter half of the period during which 
the sphincter was open) and evacuation also continued during the period of 
sphincter contraction. Duiing the first portion of the interval in which 
material passed through the sphincter, and while the sphincter balloon showed an 
increase in pressure, the pyloric diagraph record frequently but not invariably 
showed a further slight separation of the shot. This indicated that a moderate 
degree of passive distention of the relaxed sphincter sometimes accompanied 
gastric evacuation. 

Reference to figures 2 and 3 shows that much of the evacuation of each cycle 
occui-s during phase A, preceding the onset of sphincter contraction. As the 
sphincter contracts, it offers resistance to gastric evacuation, but does not pre- 
vent it. Approximately to | of the material evacuated during each cycle 
passes through the sphincter while it is contracting (phase B), but it is evident 
that the resistance offered by the contracting sphincter reduces the amount of 
material evacuated and causes some to return to the body of the stomach. The 
sphincter, while contracting, increases the resistance to the escape of the antral 
contents and in conjunction with the antral peristaltic Avave this results in an 
elevation of antral pressure (the antral pressure wave). Evacuation ceases at 
approximately the time the sphincter contraction is complete. Tire teimination 
of evacuation is due chiefij'- to the fact that the distal antram has emptied its 
contents. The closed sphincter could prevent further ei’^acuation but usually 
this emptying process has terminated. Since the sphincter closed after bulbar 
filling and remained closed during bulbar contraction and the development of the 
bulbar pressure wave, it effectwely retards regurgitation of bulbar contents. 


SUMMARY 

Studies of the pyloric sphincter motility made with the pyloric diagraph shoiv 
that normally the quiescent sphincter is continuously in the relaxed state. The 
active sphincter normally exhibits cyclic acthdty and is relaxed during more 
than half of each cycle. Sphincter opening is a characteristic phase of the cyclic 
activity , not fundamentally the result of a passive stretching produced by mate- 
rial propelled from an adjacent portion of the gut lumen. 
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In the investigation of alterations in arterial oxygen tension during artificially 
induced hyperpyrexia (1), it became evident that the control tensions calculated 
from the hemoglobin dissociation cun'’e were somewhat lower than those reported 
in the Uterature. It has been stated (2) that 90 mm. Hg may be regarded as 
the avei’age normal oxygen tension in arterial blood at sea level. This opinion 
was probabl3’' first expressed by Peters and Van Slyke (3) who summarized the 
data then available and stated that at sea level the arterial oxygen tension varied ■ 
from 75 to 95 mm. Hg. Thej’- were uncertain, however, whether the difference 
between alveolar and arterial tension really covered the range as great as 5 to 
25 mm. Hg in normal resting men or whether the reported variations were in 
part due to experimental error in some of the methods of measurement. One 
group of investigators reported normal arterial oxygen tensions between 95 
and 100 mm. Hg (4). Other investigators reported values of 80 mm. Hg or 
less (5, 6). . 

Ai’terial oxygen tensions ma}’' be determined either directly by equilibration 
of blood samples with known gas samples or bj’’ calculation from the dissociation 
curve for hemoglobin with per cent ox3'’gen saturation and carbon dioxide tension 
as the knovm factors. The more I'ecent investigatox’s have devoted most of their 
efforts to the study of the dissociation of hemoglobin -with the I’esult that the 
original dissociation curve (5) has been firmly established as being fundamentally 
cori’ect and typical of noimal human blood (7). This fact seems to justif3’’ the 
use of artei’ial oxygen saturations as a means of calculating 0X3'^gen tension. 
Onl3'’ when values significantly different from the accepted ones are obtained 
would it seem necessary to check the calculated tensions b3'' means of direct 
measurement. 

In the previous investigation (1) in which thirty-two determinations of ai’terial 
ox3’’gen saturation and tension were made on nineteen patients, the avei’age 
satui’ation was 93.6 per cent and the average calculated tension 68 mm. Hg. 
Since these figures wei’e significantly lower than the accepted values, it was 
thought advisable to studj'' 63'' direct measurement the arterial oxygen tension 
of noimal human blood. 

Methods. The samples of arterial blood were taken from healthy intems, 
nurses, hospital personnel and ambulatory patients. All individuals, as far 
as could be determined, had normal I'espii’atory and circulator3'’ mechanisms, 
except case no. 21, who had h3yertensive cardiovascular disease which was well 

1 “Aided in, part bj- a grant from the Linde Air Products Company, New York, New 
York.” 
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compensated. The samples were drawn from the brachial artery in the anti- 
cubital space or the radial artery at the wrist by the method of Adnani (8). 
This method insures anaerobic collection and preservation without the use of 
oil which has been suggested as a possible source of error (9, 10). The samples 
were kept in the syringes on ice until removed for analysis. Oxygen contents, 
oxygen capacities and carbon dioxide contents of 1 cc. samples were determined 


TABLE 1 



PLASSfA 

CO2 ' 

Oj cap 

PtR CENT 

O2 SATURA- 
TION 

PER CENT 

O2 SAT. 
atter 

EQUILIB. 

PLASMA 
CO2 VOL. 
PER CENT 
AFTER 
EQUILIB. 

MM O5 

IN GAS 

MM CO2 

IN GAS 

ESTIMATED 
MM O2 
TENSION 

IN BLOOD 


to/. % 

vol. % 






1 

1. P. s. 

59.0 

21.45 

94.0 

93.6 

57.3 

70.0 

36.8 

73 

2. H. P. 

59.5 

21.40 

93.5 

90.8 

58.7 

62.7 

40.0 

67 

3. S. C. 

57.0 

21.50 

94.5 

92.0 

52.7 

1 69.0 

37.8 

75 

*4. E. C. 

60.0 

17.40 

94.0 

93.0 

1 59.5 

65.5 

1 38.4 

68 

5. H. W. 

57.0 

22.80 I 

94.8 1 

94.5 

56.0 

68.0 

40.0 

69 

*6. A. D. 

55.5 

16.60 1 

94.5 1 

92.7 

55.3 

67.2 

37.8 

70.0 

7. M. S. 

56.5 

21.65 

96.5 1 

95.5 

56.5 

71.0 

39.0 

72.0 

8. J.S. 

56.0 

20.40 

95.1 

95.0 

56.0 

71.5 

38.6 

71.5 

*9. H. E. 

52.2 

A9.64 

94.5 

92.4 

52.0 

67.0 

38.8 

70 

10. F. 0. 

59.0 

19.10 

94.8 

95.6 

57.6 

70.0 

40.6 

70 

11. J. S. 

60.0 

21.00 

94.0 

95.5 

60.0 

69.0 

41.0 

68 

12. A. Y. 

63.0 

20.24 

94.0 

93.4 

63.0 

70.0 

42.8 

71.0 

13. H. K. 

51.0 

20.20 

94,0 

93.2 

53.0 

70.0 

40.0 

71.0 

14. B. F. 

56.5 

18.70 

96.2 

97.3 

57.7 

75.5 

40.7 

73.5 

*15. M. B. 

56.5 

18.45 

95.8 

94.5 

57.0 

74.5 

38.8 

74.5 

*16. C. E. 

55.0 

18.78 

96.0 

96.0 

54.5 

74.0 

38.8 

74 

17. B. C. 

59.8 

20.12 

93.8 

94.0 

59.7 

72.8 

41.8 

72.5 

18. L. L. 

60.7 

18.15 

95.7 

96.2 

59.9 

75.7 

41.2 

75.5 

19. H. V. 

63.0 

20.82 

94.0 

95.5 

52.0 

72.0 

43.6 

72 

*20. M. H. 

62.0 

19.22 

94.1 

93.6 

61.7 

71.6 

44.0 

73 

21. J. H. 

66.3 

24.20 

89.5 

90.5 

65.3 

68.2 

44.5 

68 

22. A. K. 

53.2 

19.47 

95.4 

94.2 

53.0 

74.0 

39.0 

75 

23. D. D. 

55.2 

23.20 

95.0 

94.7 

56.2 

76.5 

39.8 

76 

24. A. M. 

59.3 

19.35 

96.4 

96.1 

59.5 

79.6 

41.5 

79 

25. C. T. 

55.3 

19.73 

91.8 

97.0 

56.7 

80.1 

41.5 

74 

Average 

94.5 





72.1 


* Denotes females. 


on the manometric apparatus according to the method of Van Slyke and Neill (9). 
After correcting for dissolved oxygen, the percentage saturation of hemoglobin 
was then used to calculate the oxygen tension. It was assumed that all indi- 
viduals had a 40 mm. (±) tension of carbon dioxide. 

A gas sample of oxj^gen, carbon dioxide and nitrogen was then made up to 
correspond uith the calculated tensions of those gases in the blood sample. 
Tliis gas sample was made up directly -in a tonometer with a capacity of 165 cc. 
Four cubic centimeters of blood were then admitted to the tonometer and before 
rotating, the tonometer containing blood and gas samples was submerged in a 
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37 .5°C. water bath. Gas was allowed to escape so that the gas tension at 37.5°C. 
would equal atmospheric pressure. After sealing the gas outlet stopcock with 
mercurjq the tonometer was then rotated slowly in the water bath for 25 or 
30 minutes. A 1 cc. sample of the equilibrated blood was then wthdravni and 
analyzed. FoUoving this, 25 cc. of the equilibrated gas sample was vithdravTi 
and also analyzed in the manometric apparatus. Gas tensions were calculated 
as the per cent found times the barometric pressure minus the vapor pressure, 
using 750 mm. Hg as barometric pressure and 49 mm. Hg as vapor pressure of 
the blood. 

Results. In the data obtained from this procedure (table 1) it will be noted 
that except in a few instances when the gas sample tension agreed perfectly 
vith the blood tension, there was a small change in the oxygen saturation of 
blood sample. Since the shift in carbon dioxide tension is closel}'’ related to 
the percentage ox^^^gen saturation at a given oxj’^gen tension, the original blood 
oxj'gen tension was estimated in those latter samples on the basis of the sliglit 
change in per cent saturation and carbon dioxide content of the equilibrated 
blood. 

The average arterial ox 3 ’’gen saturation was 94.5 per cent and the average 
ox 3 ’’gen tension 72 mm. Hg. These figures agree very' closelj’’ vith the cor- 
responding point on the dissociation curve for human hemoglobin at a 40 mm. 
Hg tension of carbon dioxide. In onlj’’ one sample was there an 80 mm. Hg 
oxygen tension and that hemoglobin was 96.4 per cent saturated and the carbon 
dioxide content was relativelj’- high. In another instance, an 80 mm. Hg ox 3 ''gen 
tension was made up in a gas sample with a 40 mm. Hg carbon dioxide tension. 
This raised the blood sample from 91.8 per cent saturation to 97 per 
cent saturation. 

Discussion. Although the average value of 94.5 per cent saturation is not 
veiy much lower than those saturations reported (7, 11) with the .exception of 
one gi'oup (12), the avei'age tension of 72.5 mm. Hg obtained bj’’ direct measure- 
ment is appreciablj'- lower than the reported tensions (2, 3, 4, 5, 6). 

It vill be recalled that the original investigation gave an average saturation 
of 93.6 per cent with a tension of 68 mm. Hg (1). 

All of the patients in that investigation were receiving treatment and many 
were at bed rest. As a matter of interest, tension determinations were made on 
a few of the normal humans seven to ten da 3 ''s after an uncomplicated appen- 
dectomy. Their saturations dropped 2 to 4 per cent and the tensions dropped 
5 to 10 mm. Hg and approximated the values obtained in the patients of the 
previous stud 3 ^ 


SUMMARY 

The data on 25 normal human arterial blood samples indicate that the average 
oxj'-gen saturation is 94.5 per cent and the average oxygen tension is 72 mm. Hg. 
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The rate of absorption of glucose from the intestine of the intact rat has 
generally been studied under conditions (1, 2) which resulted in the influx into 
the stomach of a large volume of concentrated glucose solution during a few 
seconds. Under such special conditions of forced feeding the absorption co- 
efficient (mgm. glucose absorbed per sq. dm. body surface per hour) is generall}’' 
around 100 (1-3) and could do little more than cover the basal energy require- 
ment of the rat if glucose were absorbed at the maximum rate throughout the 
24 hours. Rats maj'- be maintained on a diet consisting almost exclusively of 
glucose and since this animal normalR’- confines its eating to the night time it is 
ob^dous that the glucose absorption rate under normal conditions must be eon- 
siderablj'- higher than that found with large size doses of glucose given by forced 
feeding. Under more normal conditions of voluntan’- feeding in which the taking 
of large amounts of glucose was induced bj'- the administration of protamine 
zinc insulin, alternate fasting and feeding periods and exposure to a very cold 
environment (3) glucose absorption coefficients 2 to 5 times as large as those ob- 
tained by forced feeding were found. The enormous food intake of diabetic 
rats presented another method of observing the rate of glucose absorption from 
the intestine under the conditions of voluntary feeding bj'' simpR'' offering a diet 
composed largely of glucose. 

Experimental. Young male rats weighing between 100 and 150 grams were 
depancreatized bj'’ Greeley’s adaptation (4) of the method of Shapiro and Pincus 
(5). They were allowed to remain on the stock diet of dog pellets until well re- 
covered from the operation and then placed on a high carbohydrate diet (6). 
Under such circumstances these rats lose from 3-10 grams of glucose per square 
decimeter per da 3 ’’ in the urine and consume correspondingty large amounts of 
food. Although no weight is gained on the high carbohj'’drate diet the}'' are able 
to maintain their weight. The urine volume and hence the water intake varies 
with the amount of sugar lost in the urine and maj'^go as high as 100 cc. per square 
decimeter of bod}' surface per dajL 

Data for a typical rat (no. 1) is presented for a 10 da}' period in table 1. 
T 3 'pical results for 14 other animals are given for single da 3 'S. The da 3 ’'S selected 
for depicting here were chosen from periods when the day to da}' food intake 
was reasonabl}' constant (e.g., no. 1, day's 2-5 or 8-10). The absorption coeffi- 
cients are calculated from the total glucose intake in the diet and it is assumed 
that absorption went on evenl}' throughout the 24 hour periods. The absorption 
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coefficients are veiy high in comparison nhth those which are obtained with forced 
feeding (1, 2). if, as is most likelj% glucose absorption was proceeding during 

only a part of the 24 hours this coefficient would be even higher. . 

The amount of glucose lost in the urine has been recorded in order to indicate 
the severity of the diabetes. 


TABLE 1 

Rale of glucose absorplion in diabetic rats lohen glucose is administered ad hbitum as the 

bidk of the diet 


RAT NUMBER 

DAY 

BODY 

^\'EIGHT 

BODY 

SURFACE 

URINE PER SQ. DM. 

BODY SURTACE PER DAY 

GLUCOSE 

ABSORPTION 

COEFFICIENT* 

Volume 

Glucose 



grants 

sq. dm. 

cc» 

grams 

vtgm. 

1 

1 

168 

3.4 

49 

4.7 

294 


2 



38 

4.1 

270 


3 



37 

3.5 

284 


4 



44 

4.4 

270 


5 



47 

4.7 

294 


6 



38 

3.8 

345 


7 



44 

3.S 

294 


8 



1 30 

2.7 

307 


9 



41 

2.7 

307 


10 



32 

2.7 

307 

2 


205 

4.0 

61 

6.2 

312 

3 


157 

3.3 

69 

6.9 

315 

4 


CO 

3.6 

64 

5.3 - 

326 

5 


155 

3.3 ' 

61 

5.2 

327 

6 


170 

3.5 

37 

3.7 

333 

7 


146 

3.1 

41 

4.5 

335 

S 


142 

3.1 

68 

6.8 

336 

9 


150 

3.2 

51 

6.3 

338 

10 


175 

3.6 

54 

5.3 

340 

11 


120 

2.S 

50 

5.0 

342 

12 


168 

3.4 

65 

4.7 

343 

13 


192 

3.8 

66 

5.5 

350 

14 


120 

2.8 

55 

5.0 

358 

15 


105 

2.5 

90 

8.0 

470 


* The absorption coefficient is the milligrams of glueose absorbed per square deeimeter 
of body surface (9) per hour calculated in this case from the glucose content of the total food 
inthke over the 24 hour period. 


Discussion. It is improbable that the fact that these rats w^ere diabetic had 
an}'' influence upon the absorption rate of glucose from the intestinal tract. 
Their blood sugar concentrations are high (300-600 mgm. per cent) and in other 
ways they deviate from normal but large doses of insulin have no effect upon 
glucose absorption during the first day of administration when they are insulin 
resistant. Subsequent doses of insulin control the diabetes and reduce the 
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appetite, hence there is less to be absorbed. This reduction in glucose absorbed 
is simply incidental to the reduction in appetite and not a result of any effect of 
the insulin as such on the absorption rate for very high glucose absorption coeffi- 
cients may result from insulin administration to normal animals because of the 
hyperalimentation (3) which is apparently due to a low blood sugar level (7). 
It is not obvious why the forced feeding of glucose leads to such low absorption 
coefficients (1-3) in comparison -with the high absorption rates found when the 
glucose is taken voluntarily after fasting, encouraged bj’- a cold environment, 
a result of protamine zinc insulin (3) or by these diabetic rats. 

One might argue that high absorption coefficients have been demonstrated 
only under conditions when there is a need on the part of the organism for a large 
amount of glucose and hence that the high coefficients are a result of the demands 
of the organism for calories rather than due to voluntarj'- ingestion of the glucose. 
The experiments of Althausen and Stockholm (8) point in this direction for in 
hyperthyroidism produced in rats b 3 '- thjuoid feeding thej^ found quite high 
glucose absorption coefficients when the glucose was given bj^-- forced feeding. 
However, we have observed much higher coefficients in thj’roid treated rats 
taking glucose voluntarily. It seems probable that the absorption mechanism 
of the intestinal tract operates most efficiently under conditions governed by 
many functions such as gastric motilitj'’, secretions of the various parts of the 
tract, etc., and the disturbance of these, which is usually produced by 
forced feeding leads to gross inefficiencj’- and low absorption coefficients. 

Disregarding Avater arising in metabolism or the loss of water by routes other 
than the urine, the urine volumes indicate that enough water is ingestqd so that 
the concentration of glucose in the ingesta is on the average kept below 14 per 
cent. We have administered glucose by forced feeding to normal rats in a 
concentration of 12 per cent but obtained absorption coefficients little higher 
than when strong solutions Avere given. A factor which must not be OAmrIooked 
is that the fluid as well as some of the other constituents of the saliva, gastric 
juice, etc., continually circulate and may lead to sugar which is ingested 
voluntarily reaching the absorbing surface in a very diluted form as well as more 
or less continualljL 


SUM1LA.RY 

Diabetic rats store sugar AAoth difficulty and on a high carboh 5 "drate diet 
consume large amounts of sugar because of the loss in the urine. Even assuming 
that the intestinal absorption of glucose is proceeding at the same rate throughout 
the daj’- and night the absorption coefficients are extremety high. 

The rate of glucose absorption in diabetic rats is compared AAuth the high a > 
sorption coefficients obtained under other conditions of A'^oluntaiy glucose fee mg 
and contrasted with the Ioav coefficients AAffiich have been reported un ei 
conditions in which glucose has been given bj^ forced feeding. Some of t e 
possible reasons for the Ioav glucose absorption rates found under the lattei 
abnormal conditions, and Avhich have long been considered the true picture of this 
intestinal function, are discussed. 
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If a rabbit or a guinea pig is raised from the ground and especiallj’^ if it is kept 
in a vertical position with the head upright, the toes of the hind legs spread 
widety apart in extreme abduction. This is the “toe spreading reflex”. In 
young animals the toes of the fore legs are similarl}’- affected, but since the 
spreading of the toes of the hind legs is the more constant phenomenon we have 
confined our attention to it. 

The spreading reflex of the toes is stronger in rabbits and guinea pigs than in 
cats and therefore in these rodents it is more easily studied and its absence more 
readily observed. However, cats lose not onl}”^ the facult}’’ of abduction but also 
the ability to extend the claws. The abduction of the toes is brought about bj^ 
the action of the dorsal interossei muscles which in man are supplied by the 
nervus tibialis (posterior tilDial nerve).' In the opinion of R. Magnus the 
spreading reflex of the toes is of labjuinthine origin. Magnus states: 

The guinea pig is taken from behind under the shoulders, thus hanging freely with 
the head upright. The head is then in a normal position. The toes of both hind limbs 
are put together by delicate stroking. If now the animal is moved gently downwards 
the toes suddenly abduct. The reaction is not present in all animals, yet can be shown 
in most of them. Ordinarily a very little movement is sufficient to elicit this reaction, 
which was already described by Graham Brown. 

The spreading of the toes starts at the beginning of the movement or only after cessa- 
tion of it, depending on the sensibility of the animal. 

After e.vtirpation of both labyrinths the spreading of the toes is absent. . . . 

The described spreading of the toes occurs also when the head is fixed, thus excluding 
movements of the neck. 


In the course of an investigation on muscle degeneration in which rabbits and 
eats were used, the sciatic or the common peroneal neiwe was excised or evulsed 
and the spreading reflex was abolished (fig. 1). This reaction became a t^aluable 
indication of the condition of the nerve. Its absence provided visible evidence 
of interruption of the -nervous pathway and its re-appearance indicated the re- 
generation of the nerve and the re-establishment of the nervous circuit. 

The obscivations so made pro^uded evidence as to the innervation of the dor- 
sal interossei muscles and the mechanism of the spreading reflex of the toes 

which arc at A’ariance Avith the commonly accepted views and are therefore 
recorded. 

As already mentioned the reflex arc was interrupted and the reflex disappeared 


'The BN A has been used throughout, but where references have been made to human 
anatomy, the terms of the Birmingham Revision, B. R., have been added in brackets. 
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after cutting the common peroneal nerv’-e. This section, therefore, interrupted 
either the afferent or the efferent limb of the reflex arc. To decide this question 
we carried out the following tests: 

1. In a rabbit the nervus tibialis was cut to ascertain if this interniption 
would affect the reflex. It was found that spreading of the toes occurred nor- 
mally in this animal. 

2. In other animals the neiwus peronaeus communis was cut and the reflex 
was abolished. Stimulation of the peripheral stump b 3 ’’ the faradic current pro- 
duced spreading of the toes, but no abduction followed stimulation of the central 
stump. 

3. Faradic stimulation of the tibial nen’^e, after isolation of the latter, did not 
produce spreading of the toes. 

In man the m. interossei of the foot are inneiwated b 3 ’' the nervus tibialis 
('postei’ior tibial neiwe). According to Gra 3 >^ some fibers of the nenms peronaeus 



Fig. 1. Showing the ventral aspect of a rabbit in which the right common peronea 
nerve has been cut with a loss of the spreading refle.^ on that side, and the presence of the 
reflex on the other side in which the nerve was intact. Note the shadow. (The repro uc- 
tion shows the original photograph rotated through OO”. — Ed.) 

profundus (anterior tibial neiwe) may reach the first, second and some times the 
third dorsal interosseus muscle. But Cunningham assumes that these small 
branches are probabb^ afferent. 

It is apparent, therefore, that in rabbits and cats the innervation of these 
muscles is different from that found in man and the3'’ receive their motor supply 
through the common peroneal nerve b3'’ Avay of the nenms peronaeus profundus. 

The afferent impulse and pathwa3’' seem connected in some Ava3^ Awth the sense 
of deep sensibilit3’^ (proprioreceptive). The loss of pressure, due to removal of 
bod3’^ weight from the paAvs, is, aa'c belieA'^e, the eliciting factor. As already 
stated, it has been assumed b3'' hlagnus that the reflex is of lab3U’inthine origin, 
this opinion being based on the obseiwation that the reflex is elicited Avhen the 
animal is placed in a A^ertical position and the bods'’ moA^ed doAAUiAvards, the 
assumption being that the lab3u-inths are thus stimulated. 

We found, hoAveA^er, that the spreading of the toes as a reflex action ma3'^ be 
elicited also if the animals are picked up, grasping them b 3 '’ tAvo places on the 
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back, in such a manner that the spine remains in a horizontal position and the 
head’ in a natural relation to it. Thus, the reflex may appear even when the 
labyrinth is orientated differently from that set foith bj' h4agnus. 

In very young rabbits and kittens we found that the spreading of the toes 
is present in nearly all positions of the body, provided the paws of the animals 
are not in contact with a base. But if, under the above mentioned conditions 
and also with the trunk in vertical position, a supporting base was offered to the 
animal’s paws, without changing the position of the body itself, the toes were 
adducted. 

These facts seem to contradict Magnus’ statement that the spreading of the 
toes is a labyrinthine reflex. The disappearance of the abduction of the toes 
after a bilateral labyrinthectomj'^ does not prove that the reflex is of labyrinthine 
origin. FolloAving bilateral extirpation of the labyrinth, the tone of the muscles 
of the limbs greatly diminishes (Magnus, 1924) and with this loss of muscular 
tone one of the conditions of the reflex is lacking. Further evidence advanced 
by Magnus, namely, that: “if the toes are put together by sticking and there- 
after the animal moved up or down, the spreading reflex appears promptlj^ and 
extensively” may be explained on the grounds that such movements increase 
the labyrinthine tone of the muscles thus creating better conditions for the es- 
tablishment of the reflex. But these brisk up and down movements may act 
otherwise. They maj'’ stimulate directly the organs of deep sensibility in 
muscles and in the connecting joints and ligaments, thus increasing the muscle 
tone by reflex action. 

In further support of this idea of tone we found that when provoking the 
vertebra-prominens-reflex in a guinea pig, while held in an upright position, the 
hind limbs were flexed and the spreading reflex of the toes disappeared, appar- 
ently without any change in the position of the head and thus without stimula- 
tion of the lab 3 ’’rinths. 


SUMMARY 


1. The dorsal interossei muscles, which perform the abduction of the toes of 
the hind limbs, readily observed in the toe spreading reflex, are innervated in 
cats and rabbits by fibers of the common peroneal nerve, whereas in man the 
interossei of the foot are commonly innervated by the tibial nerve (posterior 
tibial nerve). 

2. We believe we have shown that the spreading of the toes is a reflex in which 
the afferent path of the arc is from proprioreceptors in the hind limb, rather 
than a reflex of labyrinthine origin as described by jMagnus. The efferent path 
is over fibers in the common peroneal neiwe. The spreading reflex may be in- 
fluenced by changes in the muscle tone in the hind limbs, wliich may be due 

the^ltbvrinfh^^^^ ^^^^^^^'^^”"^^^ but the reflex proper does not depend directly on 

This work was carried out during an investigation on muscle degeneration 
suppoited by a grant from the National Research Council of Canada. 
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Henderson (1938) emphasizes the role of skeletal muscle tone for the venous 
return and thereb 3 ’^ for the maintenance of the circulation. He attributes the 
shock after operation and anesthesia, to a large extent, to a diminution in skele- 
tal muscle tone and consequent inadequate filling of the heart. If the muscle 
tone plays such a predominant role in the maintenance of the circulation it 
seemed of interest to investigate the effect of circulatory disturbances upon it. 
For this reason the influence of hemorrhage on the muscle tone was studied in 
decerebrate dogs. 

jMethod. The experiments were perfoi-med on 9 decerebrate dogs which were 
initially anesthetized with ether. About one hour was permitted to elapse be- 
fore the experiment was begun in order to eliminate the effects of ether. 

The blood pressure was recorded from the carotid arteiy, the muscle tone was 
measured by means of Henderson’s technique in the extensor muscles of a hindleg. 
One aim of a water manometer was connected to the muscle bj’’ means of .an 18 
gauge needle provided with additional side holes. The needle was filled with 
Ringer’s solution whose level could be read in a glass capillaiy fitted to the needle; 
the other arm of the water manometer was connected with a column of Hg the 
height of which could be varied, therebj’- providing pressures tending to force 
Ringer’s solution from the needle into the muscle. The pressure necessary to 
just perceptiblj’’ lower the level of the meniscus of Ringer’s in the capillaiy was 
taken as a measure of muscle tone as described bj" Henderson and collaborators 
(1936). The dog was bled through the femoral arterj’^ of the contralateral leg 
and the citrated blood was re-infused through the vein of the same leg. 

Ephedrine and adrenalin, whose effects on muscle tone were studied, also were 
injected into the femoral vein. 

Results. Table 1 gives a summary of the results and shows that even slight 
losses in blood lead consisteiitV to an increase in muscle tone. This effect is 
reversed on re-infusion of Iffood. The table also shows (cf. nos. 6 and 7) that 
the experiment can be repeated in the same animal with nearty identical re.sults. 
It is interesting to note that if the dog is bled to death a very low blood pressure 
is accompanied bj^ an excessive increase in muscle tone. 

If, after the withdrawal of a certain quantity of blood, repeated recordings of 
the muscle tone are taken, it is seen that with the gradual spontaneous restora- 
tion of the blood pressure the muscle tone decreases. 

From these obseiwations one might be inclined to conclude that muscle tone 
and blood pre.ssurc are inversely related and that the level of the blood pressure 

1 Aided l)y the John and Alary R. Alarkle Foundation. 

251 



252 


W. F. KIELY, S. L. HAMILTON AND E. GELLHORN 


is the determining factor for the tone of the striated muscles. However, further 
experiments showed that hemorrhage maj’’ lead to the same increase in muscle 
tone if the fall in blood pressure is prevented. 


TABLE 1 


Effect of hemorrhage on mnscle lone in decerebrate dogs 


JTO. 

1 BEFORE BLEEDING 

_ _ I 

AT THE END OF 
BLEEDING PERIOD 

i 

AFTER REINFUSION 
OF BLOOD 

BLOOD WITH- 
DRAWN IN PER 
CENT OF DODV 
WEIGHT 

REHARKS 

T* 

BPt 

T i 

1 

BP ^ 

1 

T 

BP 

1 

48 

126 

130 

96 

50 

116 

0.7 


2 

40 

90 

60 

75 

50 

82 

O.S 


3 

32 

118 

50 

70 

32 

126 

0.6 

Carotid sinuses de- 









nervated, vagi cut 

4 

80 

120 

120 

94 

70 

126 

0.5 


5 

40 

192 

SO 

160 

i 40 

176 

0.5 


6a 

60 

70 

150 

39 

60 

70 

0.9 


6b 

60 

74 

175 

34 

60 

70 

0.9 


6c 

75 

48 

120 

28 




Dog bled to death 




200 

24 





7a 

70 

158 

100 

108 

65 

176 

2.6 


7b 

70 

176 

no 

124 

75 

172 

2.6 


7c 

100 

100 

150 

70 




Dog bled to death 




200 

48 






* T = Muscle tone in millimeters of H«0. 
t BP = Blood pressure in mi limeters Hg. 


300 
■ o 
27C^ 
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ziois: 

180 


90 

60 

tEphedrine 




• r240 



160 


B.P.per 
A mmH^ 

Adrenalin 




Fig. 1. Effect of ephedrine (0.9 mgm./kgm.) and of adrenalin (0.03 -y/kgm.) on blood 
pressure (mm. Hg) and muscle tonus (mm. HjO) of a decerebrate dog. The muscle tone 
is indicated by white dots. 


In these experiments ephedrine was used in order to eliminate or minimize the 
fall in blood pressure. As figure 1 shows, ephedrine does not alter the muscle 
tone although it causes a rise in blood pressure. It was found that even 1.5 
and 2.2 mgm./ kgm. of ephedrine was without effect on the muscle tone although 
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0.5 mgm./kgm. was adequate to prevent the fall in blood pressure during moder- 
ate hemorrhage. Contrariwise, adrenalin increases the muscle tone. The in- 
crease in muscle tone induced by adrenalin is not restricted to the vasopressor 
period but remains high for some time after the blood pressure has returned to 
its original level. 

On the basis of these studies experiments were performed in which the influ- 
ence of hemorrhage on muscle tone was studied with and without simultaneous 
infusion of ephedrine. The experiments reproduced in figures 2 and 3 were con- 
ducted on the same animal. It is seen that the removal of 200 cc. (1 per cent 
of body weight) causes the blood pressure to fall from 140 to 102 mm. Hg and the 
muscle tone to risefromSO to 120 mm. H 2 O. The same hemorrhage induced while 
ephedrine is being infused causes a fall in blood pressure from 144 to 130 mm. 
Hg and a rise in muscle tone from 60 to 129 mm. H 2 O. Apparently the greatly 
diminished blood pressure reaction fails to influence the reactiidty of the muscle 
tone. Moreover, the same expeiiment shows that the removal of 100 cc. of 



Fig. 2. Effect of hemorrhage on blood pressure ( ) and muscle tone ( ) of a decere- 

brate dog (20 kgm.). 

Pig. 3. Same dog as in figure 2. Bleeding occurs while 0.5 mgm./kgm. ephedrine is 
being injected intravenously. 

blood (0.5 per cent of body weight) causes a considerable rise in tone although 
the blood pressure remains unchanged. 

These obseivations suggest that carotid sinus pressor reflexes are not primarily 
involved in the change of the muscle tone resulting from hemorrhage. Experi- 
ments liave indeed shorni that denervation of the carotid sinuses and bilateral 
vagotomy do not abolish the rise in muscle tone during bleeding (table 1). 
Furthermore, it was found in some instances that in dogs ivith bilateral dener- 
i-ation of tlie sino-aortic area bleeding led not only to a fall in blood pressure and 
rise in muscle tone but also to a grossly observable rigidity (occasionalb^ with 
opisthotonus). In this case the fall in blood pressure ivas followed by a consid- 
erable temporary rise and during this phase the muscle tone rose greatly. 

.Stimulation of the peripheral end of the vagus did not alter muscle tone al- 
though the blood pressure was greatly reduced. 

Discussion. It is well knovm (Koch, Bruner and hlertens, Gellhorn and 
Pollack) that denervation of the carotid sinus areas greatly diminishes the resis- 
tance to hemorrhage as shown by the more rapid fall of the blood pressure in 
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“denervated” animals. Sympathectomized animals are likeAvise more sensitive 
to hemorrhage than control animals (Schlossberg and Sawyer). Obviously the 
carotid sinus reflexes elicited bj'’ the fall in blood pressure during bleeding greatly 
contribute to the restoration of the blood pressure and thereb}’' to the adequate 
filling of the heart. However, the re.storation of the circulation depends not 
only on these autonomic reflexes but seems to involve the somatic nervous sys- 
tem as well since the tone of the striated muscle which depends on spinal centers 
is increased in hemorrhage. 

In view of the evidence presented by Henderson for the role of the muscle tone 
for the venous return and thereby’' for the maintenance of cardiac output and 
blood pressure it must be assumed that the increased muscle tone in hemorrhage 
represents an important reaction of the somatic neivous system which contrib- 
utes to the circulatoiy adjustment. Since the muscle tone is increased b}’^ hem- 
orrhage even when the blood pres.sure is kept constant and after elimination of 
the pressor receptors of the sino-aortic area vascular reflexes on the tonus regu- 
lating spinal centers pla}'' only a minor role, if anjL 

Our investigations show that adrenalin (cf. Beiglbock) and ephedrine act diff- 
erently on skeletal muscle tone although both raise the blood pressure through 
peripheral vasoconstriction. Obviouslj’’ the change in muscle tone is not the 
result of the raised blood pressure but is due to the action of these drugs on the 
striated muscles or the spinal centers. This interpretation is supported by the 
fact that the muscle tone is still greatly inci’eased following the injection of 
adrenalin when the blood pressure has retunied to its original le'S'el. In view of 
the fact that adrenalin is secreted under conditions of impaired ox.ygenation of 
the tissues (hemorrhage, shock, anoxia, narcosis) its action on the striated 
muscles and indirectlj'^ on the venous return seems to plaj'^ an important part in 
the restoration of the internal environment. 

The mechanism bj^ which the skeletal tone is altered is veiy sensitive to nai- 
cosis. A series of experiments was performed b)'' Cortell and Gellhorn on cats 
anesthetized with chloralose (unpublished observations). Moderate bleeding 
did not change the tone of striated muscles under these conditions. The effect 
of inhalation of carbon dioxide on muscle tone was slight or absent. However, 
it was possible to show that increased pericardial pressure Avhen accompanied lij'' 
an excessive fall in blood pressure caused a reversible increase in muscle tone. 

SUMMARY 

1. Hemorrhage leads in unanesthetized, decerebrate dogs to a rise in muscle 
tone which is reversed on reinfusion of the blood. 

2. Adrenalin raises blood pressure and muscle tone but ephedrine is without 
effect on the muscle tone in concentrations which have a decided pressor effect. 

3. Hemorrhage causes a rise in muscle tone even when a fall in blood pressure 
is prevented by simultaneous injection of ephedrine. 

4. Bilateral denervation of the carotid sinus area does not prevent the rise in 
muscle tone during hemorrhage. 
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Numerous investigators have shown that tolerance to lowered oxygen ten- 
sions is increased b3'^ the addition of 3 to 6 per cent CO2 to the inspired air 
(1, 2, 4, 5). In these experiments in which three or four experimental subjects 
were studied, individual differences in the physiological responses were noted 
(1,2). Experiments on animals have led to the conclusion that the stimulating 
effects of increased CO 2 and lowered O2 in inspired air on respiration are 
additive (1, 2) except when the ox3’'gen tension falls extreme^'- low (3). It has 
also been shown that the respiratory response to 1 to 4 per cent CO2 is in- 
creased at high ox3’’gen tensions (6). The following experiments were planned 
to investigate individual differences in respiratoiy response of normal humans 
to administration of carbon dioxide when the oxygen tension is diminished. 

Eighteen male college students, ranging in age from 18 to 26 years, served 
as subjects. All were familiarized with the procedure by a trial experiment 
and were then tested twee with each of the following gas mixtures: a, 2 per 
cent carbon dioxide with 21 per cent ox3'^gen; b, 2 per cent carbon dioxide with 

17 per cent ox3’^gen, c, 2 per cent carbon dioxide with 12 per cent oxygen; d, 17 
per cent ox3'^gen; and e, 12 per cent oxygen. The experimental procedure and 
methods of data anatysis have been described previously (6). 

Experimental results are shown in table 1. The average resting respiratory 
volume (corrected to standard conditions) in ten experiments on each of the 

18 subjects was 6.89 liters per minute, as compared to 6.92 liters per minute 
found in previous experiments (6). Inhalation of 17 per cent oxygen caused 
no significant change in average respiratoiy volume, while 12 per cent ox3’^gen 
caused an average increment of 10.6 per cent. Inhalation of 2 per cent carbon 
dioxide mixed wth 21 per cent oxygen increased the respiratoiy volume 28 
per cent on the average, a figure that does not differ significantly from the 
increase of 34 per cent found previously (6) or from that of 31 per cent caused 
by breathing 2 per cent carbon dioxide mixed with 17 per cent oxygen (C.R. 1.7). 
Inhalation of 2 per cent carbon dioxide mixed wth 12 per cent oxygen resulted 
in an increase of 38.9 per cent in the average respiratoiy volume which is sig- 

1 This project was in part aided by the Christine Breon Fund for Medical Research and 
the Research Board of the University of California. 

Grateful acknowledgment is made to the Ohio Chemical Company for the gas mixtures, 
and to their chemist, Mr. Sanford Smith, who prepared the carbon dioxide mixtures to 
our specifications. Thanks are also due Mr. Theodor ChernikolT for his assistance in 
making the experiments. 
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air. Although the average values offer evidence that oxygen lack and carbon 
dioxide increase have an additive effect on respiration, individual, subjects are 
found in which a reduction of the oxygen content of the inspired air reduces 
the respiratory response to carbon dioxide (see subjects 3, 14 and 16). In 
contrast to these subjects, others were found in which the respiratoiy response 
to 2 per cent carbon dioxide was significantly increased over that anticipated 
from simple summation of response to 2 per cent carbon dioxide and a decrease 
of oxygen content of inspired air to 12 per cent administered separatebA Al- 
though 17 per cent oxygen did not produce a significant change in average 
respiratoiy volume for the group, one subject (no. 4) showed a measurable 
increase. On the other hand, five of our subjects (nos. 2, 7, 9, 15, 17) showed 
no significant change in respiratory volume when the oxygen content of inspired 
air was reduced to 12 per cent, although the average increase for the group was 
10 per cent. 

Thus it is apparent that individuals differ significantly in their respiratory 
response to carbon dioxde and loAvered o.xj''gen tension in the inspired air. 
It is also shown that while average values indicate that respiratoiy effects of 
increased carbon dioxide and lowered oxygen are additive in humans as well as 
animals (2, 5) there is no assurance that eveiy individual subject will show the 
same tendenc 3 ^ It is also apparent from our experiments that the ox 3 ’'gen ten- 
sion must be reduced below 91 mm. in inspired air before carbon dioxide begins 
to lose its efficac 3 '- as a respiratory stimulant. 

SUMMARY 

The respiratoiy response to 2 per cent carbon dioxide mixed ivith 21 per 
cent, 17 per cent and 12 per cent ox 3 '^gen was measured in 18 male college stu- 
dents. The respiratory response to 17 per cent and 12 per cent oxygen alone 
was also determined. It Avas found that the average respiratoiy increment 
observed from the administration of a carbon dioxide-oxygen mixture could be 
estimated by the simple addition of the average effect of the two gases adminis- 
tered separately. Hoivever, marked individual differences in respiratop'^ re- 
sponse were found which make predictions of the respiratoy response of an 
indhddual subject to any of the gas mixtures used, impossible. Reduction of 
the ox 3 rgen content of the inspired air to 17 or 12 per cent does not decrease 
the respiratoiy’- response to carbon dioxide. 
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The ability of day-old mice to sundve ether vapor for more than ten times 
the length of exposure which would kill normal healthy adults was discussed 
by one of the present authors in an earlier paper (Barrows, 1933). Also Avery 
and Johlin (1932) had noted somewhat similar results mth illuminating gas, 
carbon monoxide, nitrogen, argon or hydrogen. It was our opinion that a fall 
in the internal temperature of the young mice would account for practically all 
of this slower effectiveness of the anesthetic. To test this opinion we have now 
made several series of further experiments. 

First, six series of experiments had ether as the anesthetic; and of these six, 
two were at 22°C, two at 35°C and two at 40°C, on the theory that the warmer 
the environment, the less the young mouse’s internal temperature would fall, 
and hence the sooner it would die. At each of these three temperatures one 
of the two series employed wld-type gray mice (labeled Gr in fig. 1), and the 
other employed non-agouti brown dilute mice (labeled DU in fig. 1). Each 
strain was from the Roscoe B. Jackson Memorial Laboratory and had been 
long inbred to produce high genetic uniformity. 

Second, four more series of experiments had chloroform* as the anesthetic, 
one series at 22°, one at 28°, one at 35° and one at 40°C. 

It was known that new-born mice were not able to maintain a uniform body 
temperature against external changes, but only acquired homoeothermal ability 
gradually duiing the first two or possibly three weeks after birth (Sumner, 1913). 
Thus the younger the mouse below about its third week, the more readily its 
internal temperature could be lowered by a cooler environment. And of course 
the cooler the environment, the greater the drop in the mouse’s internal tem- 
perature. If, on the other hand, the environment were kept warm enough, 
there would be no drop in the internal temperature at any age, and so all mice 
should die at the same rate. 

An examination of figures 1 and 2 null show to what extent our expectations 
were realized. The temperatures given were of the part of the flask where the 
mouse lay, about one degree lower than the actual thennometer readings. 

Procedure. The apparatus was: several 3-liter flasks with rubber stoppers 
each holding a long thermometer projecting into the lower center of the flask; 
a heating chamber in which the temperature of the flask could be controlled 
and obscived; anesthetic ether; anesthetic chlorofonn; watch; scales; graduated 
pipette. 

The liquid anesthetic (2.4 cc. of ether or 1.0 cc. of chloroform) was introduced 


’ The experiments in the chloroform series were made possible by 
Research Council of the Oregon State System of Higher Education. 


a grant from the 
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Exposure Minutes 



Fig. 1 Fig. 2 

Fig. 1. This figure shows the number of minutes required (ordinates) for a certain con- 
centration of ether vapor to cause the death of mice of different ages (abscissas). Three 
flask-temperatures were used, 22°, 35° and 40°C. At each temperature two scries were run, 
one using wild-type gray mice (marked Gr), and one using non-agouti brown dilute mice 
(marked Dil). There was evidently no significant difference in the reactions of the two 
strains; for this reason we did not use the grays in the chloroform scries (shown in fig. 2). 

In order to make the reading of those curves easier, the age-points for the “dilutes 
have been displaced slightly to the right. As a matter of fact, these points are probably 
a more, rather than less, accurate index of the age of these mice, as in most cases a litter 
was born the night before the day recorded as its “birthday.” Mice are generally born at 
night, most often between midnight and 4 a.m. (Merton, 1938). 

We have as yet no explanation for the fact that both of the 22° curves run consistently 
higher than the others at the 20'day age and over. 

The vertical lines show the calculated standard error of the mean for each group. 

Fig. 2. This figure shows the number of minutes required (ordinates) for a certain con- 
centration of chloroform vapor to cause the death of mice of different ages (abscissas). 
We used the same three flask temperatures as in the ether scries, and also one additional, 
28°C., indicated by the broken line. We also here determined points at one-day rather than 
five-day intervals. 

The vertical lines, showing the magnitude of the standard error of the mean at each 
point, were omitted at points from the tenth day on, to avoid confusion. These omitted 
lines in the 10-day to 15-day ages had an average length of less than 0.9 minute (S^ = less 
than 0.45 min.); and above the 15-day age, an average length of about 0.3 minute (Sx = 
about 0.15 min.). A few of the lines for before the 10-day-age had to be displaced slightly 
to right or left to avoid contact with other lines, but we believe that these cases will be 
clear to the reader as he comes to them. 

In these chloroform series, the observations at 22°, 28° and 40° were by Pearl Clauson; 
those at 35° by Flora Lee Bertsch. 

into the flask and the stopper kept loosely in place until vaporization was 
complete. Then with the stopper still in place, the flask was inverted for 
several seconds, and then allowed to stand in the heating chamber under close 
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obsen^ation until the required temperature was reached inside the flask. There- 
upon the mouse was inserted into the neck of the flask and allowed to slide 
rather than drop to the bottom; the stopper was at once replaced and the time 
recorded. As soon as he became quiet he' was rolled over, by turning the flask, 
in order to allow better observation of the breathing movements. The last 
observed movement of any kind (the assumed death point) was nearly always 
a contraction of the diaphragm. The time of the final movement was recorded, 
the flask temperature having been kept carefully at the same level all this 
while. The mouse was then removed and weighed. 

Discussion. The two figures set forth in some detail the evident correlation 
of time of death under ether (or chloroform) with both age and environmental 
temperature in young mice thereby supporting the theory that the slower death 
of these animals is due to their lower internal temperature. The reader is 
referred to the ten cuiwes themselves as the most effective presentation of this 
main point. 

But some minor peculiarities of the curves should receive mention: 

1. At 40° the two ether curves are almost fiat but the chloroform curve is 
markedly higher for the earlier ages. 

2. In the chloroform series, mice one day old or less reversed the general 
trend: that is, they died sooner than the two-day-olds. No two-day-olds were 
tested in the ether series. 

3. We found no evidence in mice of the five abrupt, discontinuous steps 
reported by Cameron (1941) and considered by him as indicating five abrupt 
changes in the respiratoiy chemistry of the rats and rabbits used in his experi- 
ments. However, the anesthetic which he employed (CO), rather than the 
use of other species, may account for this difference. 

In conclusion, we believe that these cunms indicate the possible value to 
surgical technique of combining an anesthetic ivith a lowered body temperature, 
thus increasing the length of the narcosis and anesthesia time, without increasing 
the amount of the anesthetic which the body receives. 

SUMMARY 

1. With mice more than three weeks old, differences in age or in environ- 
mental temperature are not effective in changing the length of time required 
to kill them with ether or chloroform. 

2. But with mice less than three weeks old, the effectiveness of these anes- 
thetics diminishes as younger and younger mice are tested. 

3. And also with mice less than three iveeks old, the effectiveness of these 
anesthetics diminishes as the mice are exposed to colder environmental tem- 
peratures. 

4. These obseivations support the theory that a fall in the internal tem- 
peiature is the principal cause of the slower effectiveness of the anesthetics. 

5. A possible application to surgeiy is suggested. 

homozygous strains of mice differing from each other in three un- 
linked pairs of genes, show no significant differences in their times of succumbing 
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Since Rosenblueth, Leese and Lambert (1933) described the electric responses 
of some smooth muscles in the cat, several other studies on this problem have 
appeared. Neither the sj’stematization, nor, particularly, the interpretation of 
these electric phenomena is uniform. The data suggest that some of the dis- 
crepancies are due to the fact that although smooth muscles form a homogeneous 
anatomical group, physiological^ the group is probably heterogeneous (see 
Rosenblueth, 1941). 

The purpose of this study was to compare the electric responses of two smooth 
muscles of the cat, the nictitating membrane and the tail pilomotors. These two 
muscles were selected because of their similarity and simplicit}’-: both consist of 
oriented elements, readily available for study; both have a single excitatoiy ad- 
renergic sympathetic nerve supplj'’; both respond to single shock stimulation; 
both exhibit little or no spontaneous activity. 

Method. Cats wei'e used, under dial anesthesia (Ciba, 0.7 cc. per kgm., in- 
traperitoneally). For recording from the nictitating membrane the lids were 
separated at the outer canthus and the ej'^eball was removed after severance of 
the conjunctiva and the extrinsic striated muscles. The mechanical tracings 
were obtained bj’’ attaching the free end of the membrane to a light Sherrington 
frictionless torsion-spring myograph. The beam of light reflected by the mirror 
on the myograph was sent to the back of the film in the camera that photographed 
simultaneou.sly the electrograms from a cathode raj^ oscillograph. 

A mechanogram which reflected closely pilomotor activity was obtained as 
follows. Contraction of the pilomotor muscles results not only in erection of the 
hairs, but also in a movement of the skin toward the base of the tail. A small 
transverse cut was made and a serrefine was clipped on the basal flap of the 
Avound. This serrefine was attached to a torsion-spring myograph and the move- 
ments of the skin were photographed as in the case of the membrane. Careful 
simultaneous observations of the erections of the hairs in response to sympathetic 
stimulation and of the excursions of the beam of light from the myograph showed 
that the movements were quite parallel. 

1 he electric responses were led off the animal by means of wicks moistened 
witii Ringer and connected to impolarizablc chlorided silver plates. The position 
of the leads varied in different experiments and will be described with the results. 
Tlic responses were amplified usually by a 5-stage direct-coupled amplifier and 
recorded from a cathode-ray oscillograph. Exceptionally capacity-coupled 
amplification was used. 
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The stimulating electrodes were silver wires, insulated b}’- rubber from sur- 
rounding tissues. Thej’’ were placed on the preganglionic cervical sympathetic 
trunk in the neck, after central section, or on the lumbar chains, at the level of 
L4, after central crushing. The stimuli were condenser discharges through a 
thyratron. 

The injections of cocaine, veratrine, ergotoxine and piperidinometh^d-S- 
benzodioxane (933F) were made intra-arteriallj^, into the carotid for the mem- 
brane and into the abdominal aorta for the pilomotors of the tail. When vera- 
trine was injected into the carotid the brain was previously pithed, to prevent the 
marked and persistent contractions of the striated musculature of the head, 
which otherwise ensue. 



Fig. 1. Normal electrograms. In this and the following figures the records were taken 
with a direct-coupled amplifier, unless otherwise stated. The small, sharp e.vcursion which 
sometimes precedes the response is the stimulus artifact. Maximal stimuli were employed. 
The amplitude of the responses and the speed of the record are calibrated by the lines in the 
left lower corner. 

A. Pilomotors of the tail. The arrow indicates the time of stimulation. Calibrations; 
I sec. and 1 mv. In this and the following pilomotor records the leads were placed on 
subcutaneous tissues, about 5 cm. apart, near the terminal region of the tail, after removal 
of a small portion of the skin at each lead. Upward excursions denote positivity of the 
electrode placed toward the base of the tail with respect to the one placed toward the tip. 

B. Nictitating membrane. Leads at the free edge and the external canthus, respec- 
tively. Upward excursions denote positivity of the free edge. Calibrations: 0.5 sec. 
and 0.2 mv. 

Results. A. The Pilomotors of the Tail. a. Responses to single maximal shocks. 
A characteristic electrogram from the tail is illustrated in figure lA. The re- 
sponse is to a .single maximal shock applied to the lumbar sj^pathetic chains. 
The lead-off electrodes were placed lengthwise, about 5 cm. apart, in contact with 
subcutaneous tissue, after removal of about 1 sq. cm. of skin at each contact. 

Figure lA is labeled “pilomotor response.” That structures in the tail other 
than the pilomotors do not contribute to the electrogram was shown bj' the 
following controls. Removal of the skin between the leads abolished all electric 
re.sponses (cf. Rosenblueth, Davis and Rempel, 1936). If the leads were placed 
transversely on the tail, instead of longitudinally, all electric responses disap- 
peared; this proves that the elements responsible for the electric phenomena are 
specifically oriented in the tail and the only oriented structures known in the 
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skin are the pilomotors. The possible influence of vasomotor changes on the 
electrograms was investigated by comparing normal responses with those ob- 
tained after clamping the abdominal aorta; no significant difference was seen. 
Finally, in the dog, stimulation of the lumbar .sj^mpathetics leads to pilomotor 
erection in the base of the tail, but not toward the tip, in 2 dogs electric re- 
sponses, quite similar to those in the cat, were seen when the leads were at the 
basal region, where erection of the hairs was observed, and no electric phenom- 
ena appeared when the leads were placed near the tip. 

The electrogram in figure lA is complex. Lambert and Rosenblueth (1935) 
recognized three components of the pilomotor electric response, but that appears 
now to be too simple a systematization. In the record there are 7 successive 
swings of alternating polarity — -i.e., the spot moves first in the direction indicative 
of positivity of the base, then in the opposite direction, etc. A systematization 
into 7 components is thus suggested. It is possible, however, that fewer than 7 
components could yield 7 waves. Thus, some of the components could be 
diphasic, or else a brief excursion of a given polarity could break into a longer 
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Fig. 2. Different types of normal initial responses from the pilomotors. Calibrations: 
2 sec. and 0.5 mv. The records are from different animals; the leads were placed similarl 3 ^ 
From A to D component 1 decreases, while component 2 increases. 

excursion of opposite sign if it were supei’imposed in its course. Since the 7 
swings in figure lA were often observed, however, with approximate^ similar 
latencies (fig. GB), reference will Ire made to them as waves 1 to 7 of the electro- 
gram, respectively. The e^ddence presented below will identif}^ some of these 
swings as individual, independent components. 

b. Components 1 and 2. The initial excursion of the electrogram was usualty 
a sharp swing in which the base became positive with respect to the tip. Occa- 
sionally, how^ever, a base-negative swing started the response. In figure 2 are 
shown a series of records from different animals illustrating pure base-positive 
(A), diphasic (B and C) and finally pure base-negative (D) initial e.xcursions. 

This apparent inconsistency of the early swing of the electrogram had been 
noted by Rosenblueth, Davis and Rempel (1936). The explanation suggested 
now is that there are two early successive monophasic components, of opposite 
polarity, 1 base-positive, and 2 base-negative. In some animals component 2 
is entirely masked by 1 (fig. 2A) ; in others, 1 is minimal or absent (fig. 2D). In 
some experiments an apparent reversal of the initial excursion of the electrogram 
took place (cf. Rosenblueth, Davis and Rempel). Invariably in such cases, if 
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the reversal was from base-positive to base-negative the latenc}^ of the responses 
was lengthened (transition from 1 to 2), and conversely, if the reversal was from 
base-negative to base-positive the latency decreased (appearance oi 1). 

In a series of observations the responses to single shocks were recorded before 
and after a brief period of rapid stimulation. Characteristically the post-tetanic 
responses showed a large increase of the mechanogram and several changes of the 
electrogram. Prominent among the latter was a marked increase of component 
2 at the expense of 1 . Figure 3 illustrates an observation taken with a capacity- 
coupled amplifier in order to filter out the large component 7 which develops upon 
repetitive stimulation (see below). The increase of 2 after the tetanus and the 
gradual return of 1 are typical. 

An independent increase of either 1 or 2 was seen after injections of drugs. 
Thus, in figure 4A, component 1 increases in the course of repetitive stimulation 


A B C. D 



E F G H 



Fig. 3. Post-tetanic increase of the mechanical response and of component 2 of the 
pilomotors. Capacity-coupled amplifier. Calibrations: 2 sec. and 2 mv. Responses to 
single shocks applied as follows. A: control before tetanic stimuli. B to G: 15, 22, 29, 
36, 43 and 50 sec., respectively, after 2-sec. stimulation at the rate of 60 per sec. H: control 
5 min. later. In this and other figures illustrating mechanical responses of the pilomotors, 
the myograph (lower tracing) was attached to the skin. See Method for the explanation of 
this procedure. 

after cocaine, while in figure 4B a similar increase of 2 is illustrated after 933F. 
A striking separation of the two components also occurred after injections of 
ergotoxine. Shortly after the injection component 1 increased up to 150 per 
cent of its original amplitude. It later decreased until total disappearance. 
Component 2 was still present, however, and increased markedly with repetitive 
stimulation (fig. 5). 

c. The swings 3 to 6. The inference that the excursions 1 and 2 denote 
separate, independent components of the electrogram is justified b_y the data 
presented above (figs. 2 to 5). A similar inference for the swings 3 to ^ does 
not emerge as clearly from the obseiwations. Thus, the swing 3 might be a 
continuation of component 1 , transiently masked bj’^ a brief 2. Or else 4 fmd 5, 
which frequently varied together and which followed each other without any 
obvious discontinuity, could be a .single diphasic component. 

A careful study of the records, however, suggests that all the excursions under 
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considei’ation are capable of independent variation in different experimental 
conditions. A detailed description of the behavior of each of these swings in 
the several experiments would be lengthy and unfruitful; a few observations 
showing the preponderance or absence of some of them are illustrated in figures 
6 and 7. It is tentatively concluded that the swings 3 to 0 denote the develop- 
ment of separate components of the electrogram. 

d. Component 7. The final slow base-positive wave of the electrogram ap- 
peared in all the animals studied. In some cases it was not obvious after single- 



Fig. 4. Increase of component I or 2 of the pilomotors upon repetitive stimulation. 
Calibrations; 2 sec. and 2 mv. 

A. After cocaine (6 mgm. per kgm.). Component 1 increases progressivelj\ B. In 
another animal, after 933F (.5 mgm. per kgm.). Component 2 increases progressiveb'. 



Fig. 5. Disappearance of component 1 and persistence of component 2 of the pilo- 
motors after ergotoxine (1 mgm. per kgm.). Calibrations: 2 sec. and 2 mv. 

A. Responses before ergotoxine. B. Responses 15 min. after ergotoxine. Component! 
increased immediately after the injection of the drug and later disappeared. C. Responses 
5 min. later. The increase of components is due to an intervening tetanic stimulation. 

shock stimulation, but it then emerged clearty upon the deliveiy of 2 to 7 
shocks at relatively slow frequencies (1 to 4 per sec.). 

That this .slow wave lielonged to the pilomotor electrogram was shown as 
follows. As already mentioned (section a) the wave disappeared upon trans- 
verse, instead of longitudinal, recording. Removal of the skin between the 
leads also abolished the response. Clamping the aorta did not prevent its 
development. It was absent at the tip of the tail of the two dogs studied, and 
present at the base. Spurious slow waves could be due to a change of resistance 
between the leads if the direct-coupled amplifier were unbalanced. But such 
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spurious waves would change in polarity with the direction of the unbalance 
in the amplifier. The wave 7, however, always indicated positivity of the 
base with respect to the tip of the tail. Spurious waves could also result from 
a shift of contact of the leads with the tissues (see nictitating membrane, below). 
Since the skin moves with the pilomotor contractions such shifts of contact are 
possible. But in the majority of the obseivations the leads were in contact 
with the subcutaneous tissues and enough skin was removed so that no movement 
could affect this contact. Neither vasomotor activity nor spurious changes 
would probably be significantly affected by the interelectrodal distance, yet 
component 7 was found to increase with the interelectrodal distance within a 
range of 1 to 6 cm. The other components of the electrogram also increased 



Fig. 6. Independent growth of component 4 of the pilomotor electrogram. Calibrations; 
2 sec. and 2 mv. 

A. Control before cocaine. B and C. Responses to two shocks 12 sec. apart after 
cocaine (3 mgm. per kgm.). Component 4 increases in the second response, while com- 
ponents 6 and 7 decrease. 


ABC 


Fig. 7. Independence of components 5 and 6 of the pilomotor electrogram. Calibrations ; 
1 sec. and 2 mv. Responses to two shocks. 

A. Normal control. The second shock elicits a large component 5. B. Three minutes 
after tetanic stimulation. The electrogram consists mainly of components 1 and 6. C. 
After veratrine (0.5 mgm. per kgm.). The second shock elicits a large component 6. 

with the distance between the electrodes (cf. Rosenblueth, Davis and Rem- 
pel, 1936). 

The amplitude and duration of component 7 were directlj’’ proportional to 
the number and to the frequency of the shocks applied. In figure 8 the influ- 
ence of the number of shocks is illustrated. With high frequency stimulation 
(e.g., 30 per sec.) component 7 could attain 5 times the amplitude of component 1 , 
it could thus be as large as 5 mv. and its duration up to several minutes. 

e. Relations between the electrograin and the mechanogram. The behavior of 
the several components of the electrogram was studied in responses in which 
the amplitude of contraction of the pilomotors was modified by different experi- 
mental conditions. This analysis revealed that the earR’^ components 1 to 5 
did not show any coi'relation with the amplitude of contraction. 
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Thus, after cocaine the mechanical responses to single shocks were marked^’' 
increased (cf. Rosenblueth and Rioch, 1933), and component 1 was only slightly 
larger than normal. If several stimuli were delivered at a rate of 5 to 20 per 
min., the contractions gradually declined in amplitude, while 1 remained large 
(fig. 6B and C). Similarly, after ergotoxine the initial increase of 1 coincided 
with a decrease of contraction. 

The independence of 2 and of the mechanical responses was indicated by the 
effects of ergotoxine and of 933F. With the first drug long series of stimuli 
could be delivered at a slow rate which caused electric responses consisting 
mainly of a large 2 (see fig. 5) and with little or no erection of the hairs. After 
injections of 933F component 2 was usually large, while the mechanical responses 
were smaller than normal. Without drugs, during the post-tetanic period, 
marked changes of 1 and 2 took place which were not paralleled by the mechano- 
gram (fig. 3). 

AVith regard to components 3, i and 5 it is sufficient to state that only occa- 
sionally did they show variations parallel with the changes in contraction. 

In contrast with the waves 1 to 5, components 6 and especiallj’- 7 frequently 
changed in amplitude as did the mechanical responses. Thus, thej’- were larger 
than normal after injections of cocaine (fig. 6) or veratrine (fig. 7C), drugs 
which increase the mechanical effects of single shocks; and the}'- were smaller 
or absent after 933F (fig. 4B) or ergotoxine (fig. 5), drugs which decrease the 
mechanical responses. 

The time course of 6 and 7 cannot be determined accurately, since there is 
no indication of their precise beginning and end, and since several of the com- 
ponents of the electrogram probably overlap. Contraction starts approxi- 
mately at the beginning of 5. In genei’al, with the exception of the cases where 
a large 7 overwhelmed 6 (fig. 9C, 2nd response), the time course of 6 was similar 
to that of the development of tension, the peak of 6 coinciding with the middle 
of the rising phase of the mechanogram (fig. 9A, and C, 1st response). 

The time course of 7 was invariably delayed as compared with that of the 
mechanogram. Thus the peak of 7 could appear late during the period of 
relaxation, and total relaxation was often seen while 7 was still of measurable 
amplitude (figs. 6 and 9). 

f. The resting potential. A difference of potential was found consistently 
between the leads when they were placed longitudinally on the tail. The basal 
electrode was positive with respect to the tip electrode. The difference of 
potential increased with the interelectrodal distance at approximately 2 mv. 
per cm., for distances from 1 to 6 cm. Removal of the skin at one or both of 
the contacts did not modify the potential difference, nor did the clampine; of 
the aorta. 

Since this resting potential did not disappear when all the skin was removed 
between the leads it is inferred that the potential is not of pilomotor origin. 
Its study was therefore not pursued. 

_ g. The action of the drugs. The drugs were used merely as tools for the separa- 
tion of the components of the electrogram and for the examination of the rela- 
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tions between the electrogram and the mechanogram. For this reason the 
emphasis has been placed on the responses, not on the effects of the drugs. In 
this section is given a summaiy of the actions seen. 

Cocaine (3 to 8 mgm. per kgm.) caused a marked increase of the pilomotor 
mechanical responses to single nerve volleys. Several of the components of 
the electrogram, particularly 7, were usualty larger than normal after cocaine. 
The responses to shocks spaced at about 5 to 10-sec. intervals showed a pro- 
gressive decrease of the mechanogram and the electric components 5, 6 and 7 ; 
the components 1 and 4, on the other hand, did not decline significant!}’’ (fig. 6). 

Veratrine (about 0.1 mgm. per kgm.), like cocaine, caused an increase of the 
mechanical responses. The increase in this case, however, was probably due 
to repetith’e discharges of the nerve fibers in response to single shocks (see 
Rosenblueth and del Pozo, 1942). Some or all the components of the electro- 
grams were increased in the different experiments. In nerve axons (Graham, 
1930), in the superior cervical ganglion (Rosenblueth and del Pozo, 1942), and 
in striated muscle (Rosenblueth, Wills and Hoagland, 1941), veratrine augments 
the spike potential and especially the negative after-potential. Repetitive 
stimulation of these structures (see also Acheson and Rosenblueth, 1941) leads 
to striking and characteristic changes of the responses. No specific component 
of the pilomotor electrogram increased after veratrine in a fashion suggestive of 
being analogous to the negative after-potential, nor did the changes seen upon 
repetitive stimulation parallel those which occur for the spike and the nega- 
tive after-potential. 

After injections of 933F the mechanical pilomotor response was decreased. 
The most striking change in the electrogram was an increase of component 2. 
Repetitive stimulation led to a further increase of this wave (fig. 4B). 

Ergotoxine (0.5 to 3 mgm. per kgm.) resulted in a relative paralysis of the 
muscles. The mechanical responses to single shocks or to repetitive trains at 
slow frequencies (0.5 to 5 per sec.) were readily and entirely abolished. Regard- 
less of the dose of ergotoxine administered, however, sufficiently rapid stimula- 
tion of the sympathetic (20 to 60 per sec.) invariably caused erection of the tail 
hairs, the more marked the more frequent or prolonged the stimuli. It appears 
as if a critical concentration of sympathin has to be attained, after injections 
of the drug, in order to elicit muscular contraction. Some of the changes in 
the electrogram were described on p. 269 and illustrated in figure 5. In addi- 
tion, components S to 7 were absent in the responses to single shocks. With 
frequencies .sufficient to cause contraction, components 6 and, 7 reappeared in 
the electrogram. 

B. The nictitating membrane, a. Responses to single maxhnal shocks. The 
electric responses of the nictitating membrane, first described by Rosenblueth, 
Leese and Lambert (1933), ha\m been further studied by Bacq and Mon- 
nier (1935), Monnier and Bacq (1935), Lambert and Rosenblueth (1935), 
Rosenblueth, Davis and Rempel (1936), and Eccles and Magladery (1937a 
and b). The description here will be brief; it will be made as a comparison with 
the pilomotor electrogram and will emphasize mainly features important for 
the evaluation of earlier interpretations. 
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The electric responses of the membrane maj’- sometimes be quite similar to 
those of the pilomotors (cf. fig. lA and B); thej'^ majq however, in other cases 
be markedly different (figs. 10 and 11). This suggests that some components 
ma}'- be common to both electrograms, while others maj' appear exclusively in 
one of the two muscles. 



Fig. S. Increase of component 7 of the pilomotors with the number of shocks delivered 
at a constant frequency. Calibrations; 2 sec. and, 1 mv. A, B, and C, 3, 5 and 7 shocks, 
respectively. 



Fig. 9. Relations between the slow components of the pilomotor electrogram and the 
mcchanogram. 

A. Normal animal. Responses to 3 shocks. Calibrations: 4 sec. and 2 mv. B. In 
another animal, after cocaine (6 mgm. per kgm.). Calibrations; 2 sec. and 1 mv. C. In 
another animal . Responses to 4 and then to 8 shocks, at the same frequency. Calibrations ; 
2 sec. and 5 mv. 


The electrogram of the membrane is strikingly influenced bj’- the i-elative 
position of the recording leads (fig. lOE to H). In the pilomotors the position 
of the leads affects the relative amplitude of all the components equallj’ (p. 264; 
Rosenblueth, Davis and Rempel, 1936), not differential^, as is the case for the 
membrane. This difference maj’- be due to the more uniform orientation of the 
muscular elements in the tail than that in the membrane (Acheson, 1938). 
b. Components 1 and 2. The initial excureion of the electrogram is sometimes 
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monophasic (free edge positive, fig. lOH), sometimes dipha.sic (fig. lOB and C). 
Eccles and Maglader.y (1937a) inferred from their obser\mtions that this initial 


A B C D 
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Fig. 10. Separation of components 1 and 2 in the nictitating membrane. Capacity- 
coupled amplifier. Calibrations: 0.5 sec. and 0.4 mv. One recording lead was placed 
at the free border of the membrane, the other in various positions. Upward excursions 
denote positivity of the lead at the free edge with respect to the second one. 

B and C. Successive responses to shocks delivered at 1-sec. intervals. The second 
lead was inside the orbit, near the optic nerve. Component 2 grows at the expense of 
component 1. D. In another animal. Leads as in A, B and C. Response to a single 
shock. In contrast with A, a small component 1 is followed bj' a large component 2. E, F, 
G and H. In another animal. Responses to single shocks. The second lead varied as 
follows: E, external canthus; F, lower lid; G, upper lid; H, internal canthus. In E, com- 
ponent 1 is followed by 2-, F shows exclusively 2; G is an atypical complex record, a brief 2 
seems to develop in the course of t ; H shows initialb’^ a pure 1. 



Fig. 11. Effects of cocaine (8 mgm. per kgm.) on the electrogram (upper tracing) and the 
mechanogram (lower tracing) of the nictitating membrane. Calibrations: 2 sec. and 
0.4 mv. 

A. Before cocaine. Responses, first to a single shock, then to a brief series of stimuli. 
B. After cocaine. Response to a single shock. 

excursion was always diphasic, and that the monophasic character in some 
records was due to the earty appearance of a later component which masked . 
the second phase of the first diphasic wave. 
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The present study leads to the conclusion that in the membrane, as in the 
pilomotors (p. 265) two monophasic early components of opposite polarity, 
1 and 2, occasionally follow each other without a break, and suggest thus a 
single diphasic wave. The evidence for this conclusion is similai to that pre- 
sented for the pilomotors. An independence of the relative amplitude of the 
two components w'^as seen in several conditions, as folloAvs. 

The position of the leads could determine whether 1 or 2 was dominant in 
the early part of the electrogram (cf. fig. lOE to H). Repetitive stimulation 
at slow frequencies usually resulted in a progressive increase of 2, wdiile 1 was 
unchanged or decreased (fig. 10 A to C). Finalty, some of the drugs tested 
could differentiall 3 '' increase or decrease one or the other of the two components. 


r 

^ □ 
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Fig. 12. Absence of refractoriness of the membrane during the course of the rhj^thmic 
waves. Calibrations: 2 sec. and 0.4 mv. 

A to D, after cocaine (4 mgm. per kgm.). Responses, A, to a single shock; B, C and D, 
to repetitive stimuli at increasing frequencies as shown by the brief 1~2 comple.ves. E, in 
another animal, after veratrine (0.15 mgm. per kgm.). Responses to repetitive stimuli as 
shown by the brief component 1. 

c. The rhythmic comyoneni. This component (see figs. IIB and 12A) con- 
.sists of a series of waves recurring rhtdhmicalh^' at a rate of 0.7 to 2.5 per sec. 
and declining gradually in amplitude. It is characteristic of the nictitating 
membrane; it never appeared in the pilomotors in any of the present e.xperiments 
or in those previously performed in this Laboratoiy. It was described, but 
not recognized as a specific component, by Lambert and Rosenblueth (1935). 
It was later identified and carefull,v studied by Eccles and Maglader^^ (1937b). 

Our observations largely confirm those of Eccles and MagladeriL In addi- 
tion, it was found that injections of cocaine are very effective in reinforcing the 
component, when present normally, or in bringing it out, when absent. Fig- 
ure 11 illusb-ates a typical obseivation. Veratrine, like cocaine, also increased 
the rlu’thmic component. 

In only one point do our observations differ from those of Eccles and Mag- 
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ladeiy. They encountered evidence that the initial components in response 
to successive shocks were small if thej'' developed during the course of a rh 3 dhmic 
wave set up by a previous stimulus. From this evidence thej' inferred that 
some of the muscular elements of the membrane were refractoiy to nerve im- 
pulses during a rhythmic discharge and, further, that this was proof of the 
fundamental similaritj’’ of the processes denoted b}" the initial complex and bj'^ 
the rhythmic 'waves of the electrogram, respectiveljA 

Figure 12 illustrates series of re.sponses of the membrane elicited at different 
times in the course of the development of rlwthmic waves. Although occa- 
sionallj^ components 1 or 2 seem smaller than normal this apparent decrease 
may well be due to the pureb'^ electrical interaction of waves of different sign. 
There is no clear evidence in the records, which are typical of a large series of 
observations, of any functional correlation between the rhjdhmic component 
on the one hand, and comjDonents 1 or 2 of the electrogram, on the other. 

d. The slow final camjionent of the electrogram. Rosenblueth, Leese and Lam- 
bert (1933) described a prolonged final component of the electrogram, whose 
beginning was roughlj'^ simultaneous with the beginning of contraction. A 
similar slow component, slightlj'- preceding contraction and later following a 
time course parallel with that of the mechanical response, was described by 
Bacq and Monnier (1935). Eccles and Magladeiy (1937a) stated that when 
a slow electrical deflection was seen in their records it usuall.y disappeared on 
shifting the electrodes to minimize movement artifacts. 

Our experience agrees with that of Eccles and Alagladeiy on the importance 
of movement artifacts as a source of error. These artifacts are difficult to avoid 
since rigorous isometric contractions have thus far not been achieved for 
the membrane, as will be shown in the discussion. Little or no moAmment 
artifacts Avere present, hoAveAmr, AA'hen one lead aa’RS placed close to the insertion 
of the m5mgraph, tightened until no significant mOAmment of that portion 
occurred, and the other on the periorbital tissues, e.g., at the external canthus, 
Avhere little or no smooth muscle is present. Although onlj’’ small, a sIoaa^ late 
component inAmriabty dcAmloped in these conditions upon repetitive stimulation 
for 1 or 2 sec. at frequencies of 5 to 20 per sec. The polarity of this component 
Avas usuallj’- free-edge positive. It ma}'^ be inferred, therefore, that there prob- 
ablj’^ is a sIoav late component of the electrogram of the membrane (see Lambert 
and Rosenblueth, 1935). This component maj’’ be analogous to component 7 
of the pilomotoi's (figs. 8 and 9), but there is a striking difference in the amplitude 
of the tAvo phenomena — the pilomotor AvaAm is much larger than that of the 
membrane. 

e. The action of the drugs. Some effects of cocaine on the responses of the 
membrane AA^ere reported bj" Rosenblueth and Cannon (1936). The large 
increase of the rhythmic component illustrated in figure 11 maj' be added here. 
Rosenblueth and Cannon also described some effects of 933F. The present 
observations indicate that, as in the pilomotors, the increase of the initial com- 
plex is due mainty to an increase of component 2. Injections of this drug to 
noiTnal or to previoush' cocainized cats resulted in a decrease or disappearance 
of the rhj’thmic component. 
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As already reported by Rosenblueth, Leese and Lambert (1932), ergotoxine 
abolishes all the electric responses of the membrane. This is in contrast with 
the persistence of some of the pilomotor components even after large doses of 
the drug (fig. 5). 

Veratrine, like cocaine, increased the rhythmic component of the electrogram. 
As in the case of the pilomotors (p. 270) no components suggested after veratrine 
a similarity with the spike potential and the negative after-potential of striated 
muscle or of neiwe. 

Discussion. A. The methods. In studies dealing with electric changes in 
muscle, isometric contractions are preferable to isotonic conditions, because 
the changes of length of the muscular elements may modify the electrogram 
and because they may lead to movement artifacts (p. 274). A method which 
would permit the isometric recording of pilomotor activity is not available. 
The mechanograms in figures 3, 6 and 9 merely indicate the time course and 
the gross amplitude of the pilomotor response. 

Even in the nictitating membrane, Avhere isometric conditions appear more 
readily attainable, the present and previous mechanograms are not isometric. 
The smooth muscle that causes withdrawal of the membrane has no insertions 
on bone (Acheson, 1938), so that fixation of the free edge of the membrane 
without a concomitant immobilization of the intra-orbital portion of the muscle 
does not prevent an undetermined degree of shortening. 

Bacq and Monnier (1935) claimed that monophasic electric recording from 
the membrane, instead of diphasic, is possible if a portion of the muscle is 
depolarized by means of KCl. Monophasic recording would be quite desirable 
because it would gh'^e a more accurate picture of the changes at a given point 
in the cells, and because it might distinguish conducted from non-conducted 
events. 

Bacq and Monnier (1935) and also Monnier and Bacq (1935) did not obtain 
monophasic recording conditions by their procedure. The KCl lead was not 
on muscle, but on cartilage and connective tissue coA’-ered by the conjuncth’^a. 
Indeed, a comparison of records obtained with the present “diphasic” leads, 
AA-ith records secured by the methbd of Bacq and Monnier, in the same animals, 
reA’eals no significant difference. 

If the muscle elements in the membrane and pilomotors are discrete units 
and do not form a syncytial tissue, as is probable, then monophasic recording 
could only be attained b}'- damaging a portion of an indmdual cell and studjdng 
that single element. 

The principles involved in the previous argument apply to other aspects of 
the problem of the smooth-muscle electrograms. Bacq and Monnier (1935) 
described the measurement of a demarcation potential in the membrane bj" the 
technique mentioned. Not only is the existence of this demarcation potential 
questionable on the grounds already expressed but, in addition, the use of KCl 
for “depolarization” of tissues maj' be criticized as follows. As is well knoAvn, 
there is a difference of potential between two solutions of different concentra- 
tions, when connected electrically. The application of KCl to a certain- region 
of a tissue may therefore set up a concentration cell, and the difference of poten- 
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tial measured may not denote a demarcation potential. Indeed, a KClIead 
placed on the mesentery, or on a tendon, records a difference of potential against 
another electrode without KCl on the same tissues, yet there is no reason to 
suppose that these structures have a demarcation potential. 

Eccles and Magladery (1937a) question the slow potential changes of the 
membrane described by Rosenblueth, Leese and Lambert (1933) because it 
appears unlikely to them that slow changes would record with diphasic leads. 
This argument would be valid if a slow change were uniform throughout the 
smooth-muscle cell. If the change in the cell were asymmetric — i.e., if one pole 
of the cell became enduringlj’’ electropositive with respect to the other pole — 
then a slow change ■would record readily with diphasic leads. Since the slow 
component 7 of the pilomotor electrograms is not an artifact (p. 267) it may be 
inferred that the suggestion of Rosenblueth, Davis and Rempel (1936), that 
smooth-muscle cells can exhibit as 3 ’-mmetric electiical changes, is corroborated 
by the data. 

B. The significance of the electric responses. The appearance of an electric 
phenomenon in a tissue reveals the occurrence of an event and places it in time, 
but does not give any information as to the nature of the event other than that 
it has an electrical sign. On the basis of an assumed analogy the initial com- 
ponent 1 of the electrograms of the membrane and pilomotors was interpreted 
by Rosenblueth, Leese and Lambert (1933) as equivalent to the spike potential 
of striated muscle. It would then be indicative of a propagated wave similar 
to a nerve impulse. This interpretation wms later rejected b}’’ Rosenblueth, 
Davis and Rempel (1936) because of several considerations w’hich need not 
be repeated here. 

Eccles and hlagladery (1937a) adopted the view that, with the exception 
of a component prominent onlj'- on very w^eak stimulation (the N -wave), all 
the components of the electrogram of the membrane wmre equivalent to the 
spike potential of striated muscle — i.e., that the^'’ denote propagated weaves 
which obey the all-or-nothing principle and which are followed bj'' a refrac- 
tory state. 

Eccles and Magladery interpreted the two deflections 1 and 2 as the two 
phases of a single diphasic wmve. This supposed diphasicity was the main 
argument for inferring a wave of negativity which propagated beneath the 
electrodes from the orbit to the free border of the membrane. The inference 
is not supported b}'' the present anatysis, since there is not a diphasic wave, but 
two independent monophasic components of opposite sign, both in the membrane 
(fig. 10) and in the pilomotors (figs. 2 to 5). 

A further argument used by Eccles and Magladery (1937a) in favor of the 
conducted nature of the electric phenomena was an occasional change in the 
latencj’^ of the peak of 1 when one lead wms kept fixed at the free border of the 
membrane and the other was shifted to different positions on the external 
surface of the organ. As pointed out by Acheson (1938) these results may not 
be explained on the ba-sis of conducted wmves, for the positions of the movable 
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electrode were such that there were no underlying muscle elements in the major- 
ity of the observations. 

Were there any components of the electrograms of the membrane and pilomo- 
tors analogous to the spike potential and the negative after-potential of striated 
^muscle, it would be expected that veratrine should elicit changes of these com- 
ponents similar to those it evokes in the corresponding electric phenomena in 
the striated tissue. This expectation is not fulfilled by the data (pp. 270, 275). 

Eccles and Magladery (1937a) presented records which they interpreted as 
indicative of a refractory condition of some elements during the development of 
the rhythmic waves of the membrane. In the experiments illustrated in fig- 
ure 12, there is no evidence of a refractory state at any time during the waves 
of the rhythmic component. These observations confinn Rosenblueth and 
Acheson’s (1937) conclusion that the membrane does not have a refractory state. 

The complexity of any muscle is such that it is not surprising that the electro- 
gram should include several components, even if none of these electric phe- 
nomena corresponds to a propagated disturbance of the tj’-pe which exists in 
striated muscle. As suggested by Rosenblueth, Davis and Rempel (1936), 
some of the components may correspond to the excitatory processes : the release 
and diffusion of the chemical mediator and the changes it undergoes before it 
exerts its action on the contractile system. In addition the mechanical changes 
may also have an electric sign. Finally, the recover}'- processes may in turn 
lead to electrical changes. 

Because of the rough parallelism between the slow final component of the 
membrane and the development of tension, Bacq and Monnier (1935) assumed 
that the change of polarization was the cause of contraction. As pointed out 
before (p. 274) the membrane is not a suitable organ for the study of the slow 
components of the electrogram. 

In the pilomotors, where the late components are readilj’- identified, both 6 
and 7 vary directly with the mechanical responses (p. 269). Since 6 coincides 
uith the period of development of the mechanical effect it is probable that it 
is the electrical sign of the chemical changes which correspond to this develop- 
ment. Component 7, on the other hand, clearly follows the mechanical events. 
It is reasonable, therefore, to interpret it as the manifestation of recovery 
processes. 

C. The differences between the membrane and the 'pilomotors. As stated in the 
introduction these two smooth muscles were selected for study because many 
of their physiological properties are similar. It is interesting, therefore, to 
note that the similarity does not extend to all the electric responses. 

The initial components 1 and 2 of the electrograms have similar properties 
in the rivo muscles, when tested by repetitive stimulation at slow frequencies or 
after injections of veratrine and of 933F. The electrogram of the membrane 
may sometimes exhibit a succession of waves reminiscent of components 3 A 
5 and 6 of the pUomotors (fig. lA and B). With the data on hand it is not 
warranted, however, to affirm that this similarity is more than superficial. 
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It is probable that the membrane has a prolonged final component analogous to 
component 7 of the pilomotors (see p. 274). 

A striking difference between the two electrograms is revealed bj'" the rhythmic 
component, veiy readily obtained in the membrane (figs. 11 and 12) and in- 
variably absent in the pilomotors. A further difference is indicated by the 
persistence of electric responses in the pilomotors after injections of ergotoxine 
(fig. 5), as contrasted vith their absence in the membrane (p. 275). 

These differences in the electric responses of two otherwise quite similar 
muscles support the view stated in the introduction that smooth muscles form 
a heterogeneous class. It is not valid, therefore, to generalize from observa- 
tions on one sample to the class as a whole. 

SUMMAEY 

The electric and mechanical responses of the nictitating membrane and the 
tail pilomotors were studied in cats. Injections of cocaine, veratrine, 933F or 
ergotoxine were used in order to separate out various components in the electro- 
grams and to examine the relations between electric and mechanical events. 

The pilomotor electrogram exhibits 7 components (fig. lA) which may vary 
independently (figs. 2 to 8). Components 1 to 5 show no correlation with the 
mechanogram. Components 6 and 7 varjq as a rule, with contraction (p. 269). 
Component 6 coincides ^vith the development of the mechanical response (figs. 
6B and 9C) ; it is interpreted as correlated with the chemical changes associated 
with this development. Component 7 outlasts contraction (fig. 9) ; it is assumed 
to correspond to recovery processes. Both slow components 6 and 7 can be 
recorded from “diphasic” leads, thus proving that they correspond to an as 5 Tn- 
metric change in each muscular cell. 

The first 2 components of the membrane electrogram (fig. 10) are similar to 
those of the pilomotors — they are monophasic waves of opposite polarity. 
The membrane has at least one component never encountered in the pilomotors, 
the rhythmic component (fig. IIB). Components 1 and 2 may develop, in 
response to additional stimuli, during the course of the rhythmic component 
(fig. 12). These several components are therefore independent. 

The discussion is concerned vdth the methods for the studj'’ of the two smooth 
muscles (p. 275), with the significance of their electrograms and the features m 
which they differ from that of striated muscle (p. 276), and -with the hetero- 
geneity of smooth muscles as a class (p. 277). 
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The introduction into the circulation of thromboplastic substance, as is well 
known, results in intravascular clot formation. This may be extensive and 
may be followed promptl}’- b 5 ’- death. Such an outcome has been explained 
quite naturallj'- as the consequence of mechanical circulatory block. On the 
other hand, the clot varies considerably in quantity depending upon speed of 
injection and various factors involved in the phenomenon of coagulation (1). 
Indeed the clot may be insignificant in amount and so located, as for instance 
in a radicle of the portal vein, that it would be entirely incompatible with the 
mechanical explanation of the acutety fatal outcome of the experiment. 

These obsen’^ations led to more detailed study of the circulatory changes 
subsequent to the intravenous mjection of thromboplastic substance. It was 
found that the primaiy stage of excitement so manifest with the unanesthetized 
dog is lacking when the animal is under the influence of nembutal. Then marked 
vasodepression occurs prompt^. The blood pressure falls to 20 mm. Hg or 
less within J minute and, depending largely on the amount and potencj’’ of the 
thromboplastic substance, returns to normal only after a varying period of a 
few minutes to a half-hour or more. 

The role of blood coagulation in this vasodepressor phenomenon is elucidated 
by heparinization preliminary to the injection of thromboplastic substance. 
No fall in blood pressure occurs; furthermore, preliminary section of the cervical 
or thoracic spinal cord does not interfere with the formation of clot after the 
injection of thromboplastic substance but the characteristic rapid and sus- 
tained fall in blood pressure is lacking (2). 

These obseiwations, implicating clot formation and its action through the 
central nervous system in the hemodjmamic changes effected bj'' tissue extracts, 
led to further study involving other contrasting methods of causing vasode- 
pression. These included the use of histamine, well knovTi to cause prompt 
dilatation of the peripheral vascular bed (3, 4) and also the method of release 
of an arterial occluding tourniquet recognized to be followed bj' a gradual but 
persistent fall of blood pressure to “shock” levels (5, 6). At the same time 
sliifts in fluid, protein and fibrinogen content of the blood were determined. 
The experiments were varied to include other factors that might bear upon 
mechanisms involved such as electrolyte balance and. the influence of the 
nervous system as affected by section of the spinal cord and b 3 '’ anesthesia. 

After a brief statement concerning materials and methods, a combination of 
procedures involving agent and animal in general accord vdth the follovang out- 
line vdll be presented. 

^ Aided by grants from the Commonwealth Fund and the Markle Foundation. 
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Changes in blood pressure, hematocrit, and plasma protein effected bj^ 1, the 
intravenous injection of thromboplastic substance the intravenous injection of 
histamine; 3, the release of an arterial occluding tourniquet. 

All {1,2,3) in a, anesthetized animals; 6, anesthetized animals with section of 
spinal cord; c, anesthetized animals udth reduced tissue potassium; d, unanesthe- 
tized animals (group S not included). 

jMaterials and methods. Dogs were the animals of choice; no particular 
criterion in their selection except that of good general health was exercised. 
Nembutal (pento-barbital sodium) in 30 mgm. per kilo amounts was used for 
anesthesia and when an experiment continued for four hours or more a second 
intravenous injection of one-third the original quantity was found desirable. 
The saline extract of the dried residue after acetone-ether extraction of minced 
pig testicle was the thromboplastic substance used; the histamine was the di- 
hydrochloride (Eastman). For interference with the circulation of the back legs 
thick-walled rubber tubing was applied just below the great trochanter of the 
femur on the outer side and as high as possible on the median side of each leg. 
The tourniquet was tightened to obstruct arterial circulation completely and left 
in this state for five hours. Low potassium diet was tolerated well by all but an 
occasional animal. Low potassium diet as indicated in the following formulae 
was supplemented daily with the B complex: Thiamine 100 jug., Riboflavine 25 
fig., Pyridoxine 60 jug and nicotinic acid 25 mgm. per kilo of the animal’s weight. 


Casein, 9000 grams 
Cane sugar, 24,000 grams 
Crisco, 7000 grams 
Cod liver oil, 800 grams 
Sodium chloride, 172 grams- 


Magnesium sulphate, 172 grams 
Di sodium phosphate, 28S grams 
Mono calcium phosphate, 722 grams 
Calcium lactate, 172 grams 
Ferric ammonium citrate 72 grams 


The animals lost from 20 to 25 per cent of their original weight but remained in 
general good condition during the 3 to 4 weeks required for adequate reduction of 
tissue potassium. The blood pressure records with a mercury manometer were 
made from the femoral artery except when the experiments involved the back 
legs. Then they were made from the carotid. The hematocrit determinations 
were secured with 15 cc. of blood placed, as soon as drawn, in a graduated tube 
containing 30 mgm. of sodium oxalate. The tube was promptly rotated at 2000 
r.p.m. for 25 minutes prior to reading. Then the plasma was removed for pro- 
tein including fibrinogen content values and other determinations. One cubic 
centimeter of this fluid was diluted with distilled water to 100 cc. of which 20 cc. 
was used for the determination of nitrogen by the Kjeldahl method and another 
sample was required to ascertain fibrinogen content with the aid of protamine (9). 

Changes in blood pressure, hematocrit and plasma protein effected by the intra- 
venous injection of thromboplastic substance in animals (a) under nembutal anesthe- 
sia. The record that follows (dog 1) is typical. The blood pressure fell from 

= Ten grams of the diet contained less than 1.5 mgm. K (7). The K content of the skeletal 
and heart muscle of dogs fed this diet for a period of over 3 weeks is reduced as much as 

results). These figures are in accord with results by Darrow 

Jincl Miller (S), 
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160 to 42 mm. Hg within ^ minute and the persistence of this low level for 6 
minutes was associated with clot formation and a prompt shortening followed 
within 1 minute lengthening of the coagulation time. The blood pressure 
almost reached the pre-injection level within | of an hour and the coagulation 
time was prolonged for a much longer period.® 

A second animal in this series of seven follows. Here blood pressure, hemato- 
crit and plasma protein changes are correlated. The loss of fluid from the blood 



Fig. 1 


Fig. 2 


Fig. 1. Dog 1. The effect of intravenous injection of testicle extract upon the blood 
pressure of a normal anesthetized dog (condensed curve). 

Fig. 2. Dog 2. Hematocrit and blood pressure changes after intravenous injections of 
testicle extract in a normal anesthetized dog. 


TABLE 1 


The effect of the intravenous injection of Ihromboplaslic substance on the anesthetized 

(Nembutal) dog 2 


j 

! 

HEMATOCRIT 

1 

PLASMA 

PROTEr^^ 

riBRINOOEN 

Before injection 

per cent 

42.0 

53.0 

55.6 

51.0 

per cent 

5.86 

5.75 

4.86 

5.51 

i per cent 

0.333 

0.100 

0.103 

0.149 

10' after injection 

30' after injection 

60' after injection 



Variation in per cent of the original values (corrected for the change in hematocrit). They 
represent the loss of plasma protein per unit of whole blood 


10' 


-28.0 

-96.0 

30' 


-49.0 

-100.0 

60' 


-27.3 

-76.6 





practically reached its peak in 10 minutes after injection and with minor variation 
remained fixed for more than an hour even though the blood pressure had reached 
its pre-injection level at a considerably earlier period. The plasma protein con- 
tinued to fall, onlj^ attaining its maximal loss after a half-hour and not returning 

’ Autopsy notes, dog 1. “There are fresh, stringy dark blue thrombi in some of the 
branches of the portal vein but they do not occlude the lumen of the vessel. There is some 
thrombosed, light gray or gray-red material, not very extensive, twined around the chordae 
of the tricuspid valve. — Lungs and Liver: Without hemorrhage or thrombi.” 
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to normal an hour after the experiment was begun. The fibrinogen loss from the 
plasma reached its height after 10 minutes and only a slight return was observed 
an hour later. These facts are illustrated in table 1 and figure 2. 

It should be recorded that the fibrinogen determinations were done in parallel 
series using the methods of Cullen and Van Slyke (10) and Wu and Ling (11) for 
fibrin, and protamine for fibrinogen (9). The fibrin 5 deld at the 10 minute and 30 
minute readings was negligible, confirming older observations in this particular and 
leading to the conclusion that injection of tissue extract results in defibrinogena- 
tion of the blood. The protamine method showed, however, that though the 
fibrinogen is decreased it still is present in 0.1 per cent amounts or more; in other 
words, quantitatively adequate for clot formation. The absence of fibrin, there- 
fore, is not dependent on inadequate fibrinogen, but to the practical^ complete 
disappearance of prothrombin (12) as determined by Quick’s method (13). 

Briefly stated, injection of thromboplastic substance into the anesthetized dog 
is followed by marked changes in blood coagulation time, pressure, hematocrit 
and plasma protein content. These changes have the same general trend but 

TABLE 2 


The effect of the intravenous injection of thromboplastic substance on the heparinized dog 3 



j HEMATOCRIT 

PLASMA PROTEIN 

Before injection of thromboplastic substance 

[ per cent 

31.0 

per cent 

6.1 

10' after injection of thromboplastic substance 

28.7 

6.1 

27' after injection of thromboplastic substance 

27.0 

6.0 

50' after injection of thromboplastic substance 

31.0 

6.3 

90' after injection of thromboplastic substance 

30.0 

5.8 


their extent, duration, and return to pre-injection levels are in no way coincident. 
The fibrinogen loss is especially marked with the intravenous use of thrombo- 
plastic substance but a sufficient quantity remains in the plasma to effect fibrin 
formation and clotting, were it not for change in prothrombin. 

The role of clot formation in the changes of the blood pressure and red cell vol- 
ume after intravenous injection of thromboplastic substance is readity demon- 
strated by preliminary heparinization or by reinjection when the clotting time is 
still greatly lengthened. Examples follow; 

Dog 3 received 8 ampules (400 mgm. of the sodium salt of heparin) of Liquae- 
min intravenously over a period of 12 minutes. Eight minutes later it received 
2 cc. of testicle extract by the same route. The clotting time three minutes after 
heparinization was more than twenty minutes and continued unchanged at fifty 
minutes. 

Tlie slight transient drop in blood pressure is associated wdth peripheral vasodi- 
lator substances in the tissue extract and is not pertinent to the present study. 
Liken ise, there is no significant shift in the fluid or blood protein (table 2, figure 3). 

Careful examination of all the larger vessels grossly as ivell as detailed histo- 
logical search failed to reveal thrombus formation in this animal or in any of the 
others of this series of eight. 
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Veiy similar results were secured when animals were reinjected with thrombo- 
plastic substance during the period of extended coagulation time soon after 
previous utilization of such an agent. This is illustrated in the blood pressure 
curve that follows (dog 4). 

It will be recalled (1) that such reinjection is unassociated with symptoms irre- 
spective of speed of introduction or amount of material used and that evidence of 
clot formation after man}'- weeks of this treatment usuall}’’ is entirel}'- lacking. 

These experiments stress the importance of clot formation in the changes in 
blood pressure, hematocrit and plasma protein content that follow the injection 
of thromboplastic substance into the anesthetized dog. 

b. Anesthetized animals with transection of the spinal cord. Further informa- 
tion of the mechanism involved when clot follows the intravenous injection of 
thromboplastic substance is available from a series of experiments immlving sec- 
tion of the cervical or thoracic spinal cord. Dog 5 is representative of a group of 



Fig. 3 Fig. 4 

Fig. 3. Dog 3. The effect of intravenous injection of testicle e.^tract upon the blood 
pressure of a heparinized anesthetized dog. Note the slight and transient drop in contrast 
to the non-heparinized animal. 

Fig. 4. Dog 4. Small doses of testicle extract injected slowly into an anesthetized dog 
cause only a slight drop in pressure but lead to a negative clotting period during which the 
injection of even large doses is not followed by the usual fall in pressure. 

four animals in which detailed analyses of the blood were made. INlany otheis 
were included in the study of the effect of spinal cord section on the blood 
pressure. 

As is illustrated in figure 5, the drop in pressure after the injection of thrombo- 
plastic substance is not great and almost immediately begins to swing back toward 
normal. It has been pointed out that this is due to substances in the extract act- 
ing directly on the peripheral vessels. The figure shows further that there i.s a 
distinct tendency to hemodilution expressed to a variable degree in different 
animals. The plasma protein content either is not or only slightl}^ changed. 
This is illustrated in table 3. 

Attention should be directed to the fibrinogen values included in table 3. 
They show only slight decrease even after a second large injection of thromboplas- 
tic substance, a fact which contrasts with tlie effect of such injection in an animal 
with intact spinal cord. This is the more noteworthj' as there was less change 
in the prothrombin time. 

These experiments indicate that the central nervous system mediates the blood 
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pressure fall and also the changes in red cell volume and plasma protein that fol- 
lows clot formation after the intravenous injection of thromboplastic substance 
into the anesthetized dog . Even when such clot is demonstrated in large amount 



Fig. 5. Dog 5. Intravenous injection of testicle extract into an anesthetized dog after 
transection of spinal cord. Note the slight and transient drop in pressure and the lack of 
significant changes in the hematocrit. 

Fig. 6. Dogs 2 and 7. Comparison of blood pressure reaction after the injection of 
testicle extract in unanesthetized and anesthetized animals. Note the short, sharp rise 
in the unanesthetized animal (no. 7) in contrast to the sharp and protracted drop in pressure 
in the anesthetized animal (no. 2) . 


TABLE 3 

The effect of the intravenous injection of thromboplastic substance on the anesthetized dog after 

transection of the spinal cord 



HEMATOCKIT ^ 

PLASMA 1 

PROTEIN 

PIBRINOGEH 

Before transection of cord 

per cent 

51.8 

per cent 

5.99 

per cent 

0.206 

After transection of cord .'. . . 

50.0 

5.94 

0.212 

1. Injection of testicle extract 2.5 cc. 

9' after injection of testicle extract 

48.7 

5.56 

0.213 

30' after injection of testicle extract 

47.3 

5.67 

0.239 

2. Injection of testicle extract 20 cc. (33' after the 1st) 
30' after 2nd injection 

48.6 

5.38 

0.179 

0.179 

120' after after 2nd injection 

49.7 

5.22 


Variation in per cent of the original values (corrected for the change in 

hematocrit) 

9' after 1st injection 


-4.0* 

-bl.O 

-6.5 

-12.0 


30' after 1st injection 



30' after 2nd injection 

i 


120' after 2nd injection 







* These figures represent the loss of plasma protein per unit of whole blood. 


no essential changes occur in blood pressure or in the fluid or protein of the blood 
when the spinal cord has been severed. Indeed there is a tendency to hemodilu- 
tion and occasionallj’- an actual increase in the plasma protein, 
c. Anesthetized animals with reduced tissue potassium. Alteration in electrotyte 
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balance through diet suggested itself as another approach to the study of the role 
of the neural mechanism in the hemodynamic changes that follow the injection 
of thromboplastic substance in the anesthetized animal. The potassium-free 
diet was chosen on the basis of the well-knoT^m relation of this ion to cell-mem- 
brane permeability and autonomic nervous activity. Dog 6 is representative of 
this group. Following the injection of thromboplastic substance the same type 
and extent of vasodepression occurred as in the normal anesthetized dog 2 (see 
fig. 2). On the other hand there was no hemoconcentration and no change in 
plasma protein half anhour after the injection of 4 cc. of testicle extract. Asecond 
injection of a much larger amount of extract — 20 cc. — caused a like fall in blood 

TABLE 4 


The effect of the intravenous injection of thromboplastic substance on the anesthetized dog with 
reduced tissue potassium. Dog 6. Low potassium diet for 2S days 



1 

HEMATOCRIT 

PLASMA 

PROTEIN 


Before injection, 4 cc. testicle extract 

per cent 

40.0 

per cent 

4.47 


11' after injection 

42.0 

4.59 


28' after injection 

41.0 

4.38 

0.285 

2nd injection (31' after the 1st injection 20 cc. tes- 
ticle extract) 

10' after 2nd injection 

i 

1 

40.4 

4.04 

0.049 

60' after 2nd injection 

45.6 

4.42 

0.236 

225' ' 

49.2 

1 4.47 

0.203 

285' 

43.4 

4.13 

1 

0.224 




Variation in per cent of the original values (corrected for the change in hematocrit) 


11' 


-2.0 

28' 


-4.5 

2nd injection 

10' after 2nd injection 


-10.0 

60' 


-15.0 

225' 


-22.0 

285' 


-15.0 




pressure which was more protracted and was associated vdth a slight transient 
hemoconcentration and loss of plasma protein. This is illustrated in table 4. 

It should be pointed out that the improvement in the animal's condition was 
temporary and death occurred 5| hours after the first injection of extract, 
hlany experiments with normal dogs that invariably recover after a second large 
injection of thromboplastic substance indicate that protracted low potassium diet 
renders an animal less resistant. As wall be seen, none of the latter type of animal 
survived the procedures to be described in the course of this presentation. liTiile 
thej’- do not seem to be as sensitive to experimental procedures as adrenalecto- 
mized animals, they also are not as resistant as the normal dog, in spite of the fact 
that the hematocrit and plasma protein changes are much less marked. This is 
supporting emdence that these alterations in the blood are not primarily causative 
in the death of the animal. 
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The interpretation of the findings after injection of thromboplastic substance 
in the animal whose tissue potassium has been depleted is not easy. Potassium 
deficiency in itself is associated vdth some change in tissue and blood fluid vdth 
resultant influence on membrane, including capillary permeability. This well 
may be a cause for the greater stabifity, of the capillary wall in the dog, largely 
depleted of potassium. On the other hand, the influence on the neural mech- 
anism also must be borne in mind. 

d. The unanesthetized animal. Considerable experience with thromboplastic 
substance in the unanesthetized dog, as has been said, indicated that its intra- 
venous injection was accompanied by excitement and central nervous system 
stimulation rather than the depression described for the anesthetized animals. 
For this reason more detailed studies of blood pressure and blood constituents 
now to be recorded, were made. The reactions to injection displayed by dog 7 
are characteristic for this series. Initial stimulation associated with injection of 
testicle extract is manifested by an immediate acute elevation of blood pressure 

TABLE 5 


The effect of the intravenous injection of thromboplastic substance in the unanesthetized dog 



HEilATOCRIT 

j PlASilA PROTEIN 

Before injection of 2.5 cc. thromboplastic substance 

per cent 

38.2 

1 per cent 

6.49 

10' after injection of 2.5 cc. thromboplastic substance . . . 

38.8 

5.09 

Second injection of 20 cc. 

20' after 1st injection of thromboplastic substance 

13' after 2nd injection of thromboplastic substance. . . . 

38.9 

5.29 

73' after 2nd injection of thromboplastic substance 

37.9 

5.14 

135' after 2nd injection of tbromboplastic substance 

36.4 

4.83 


lasting only a minute or so and followed by a return to the pre-injection level, 
where it remained vith only minor variations. This contrasts sharply vdth the 
reaction of the nembutalized animal, as is illustrated in figure 6. 

An occasional unanesthetized dog reacts so violently to injection of thrombo- 
plastic substance that blood pressure readings become impossible (more than 300 
mm. Hg). A second later injection at the usual speed of a large quantity of ex- 
tract (20 cc.) may be followed by a drop in pressure of 50 or more mm. Hg with a 
leturn in a few minutes. Clot formation occurs regularly and maj’’ involve the 
cannula to interfere vdth manometric recording. 

In dog 7 , as has been the experience with all of the animals in this group, both 
the hematocrit and the plasma protein determinations have shown no significant 
changes. This is illustrated in table 5. 

Summary. Anesthesia with nembutal allows the full expression of vaso- 
dilatation, change in red cell volume and plasma protein content clot forma- 
tion which thromboplastic substance is capable of eliciting. Section of the spinal 
cord eliminates these reactions after clot formation w^hile the normal dog actually 
reverses the effects with an increased blood pressure response, occasionally hemodi- 
lution, and even increased plasma protein. 
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While the general trend of change in blood pressure and blood constituents is 
the same, suflBcient quantitative and temporal variation occurs to allow the con- 
clusion that they are in part at least determined by independent influences. 

It should be pointed out at this time that contraction of the spleen with 
resultant pouring into the circulation of its concentrated red blood cell con- 
tent may participate up to 15 per cent in increased red blood cell volume (14). 
Associated loss of plasma protein cannot be explained on this basis and requires 
further consideration. Increased peimeability of the capillary wall to fluid and 
protein is the mechanism that suggests itself. That splenic contraction cannot 
be the decisive factor in the hemoconcentration recorded for the experiments in 
this series is shown by comparison of the findings after injection of thromboplas- 
tic substance in anesthetized animals with and without depletion of tissue potas- 
sium. Dog 2, table, 1, shows a 32 per cent hemoconcentration and 17 per cent 
loss in plasma protein during the first 30 minutes contrasting vfith dog 6, table 4, 
with negligible changes in these values during the same period. Depletion of 
tissue potassium as a result of restricted intake of this electrolyte definitely re- 
duces the changes in hematocrit and plasma protein content even though it does 
not exert any influence on the depressor action of the tissue extract. It should 
be noted further that animals with depleted tissue potassium are less resistant 
to experimental procedures, but this is not as marked as after adrenalectomy. 

Fibrinogen change requires special consideration when thromboplastic sub- 
stance is used intravenously. However, its disappearance exceeds what could 
be anticipated from the size of the resultant clot. Some other physical change 
in this protein, its sticky state in particular, may be responsible in part for the 
apparent reduction. 

2. Changes in blood pressure, hematocrit and plasma protein effected by the intra- 
venous injection of histamine. A. In the anesthetized animal. Histamine was 
selected to contrast with thromboplastic substance for it acts, as is well known, 
primarily on the peripheral vascular bed with a resultant drop in the pressure of 
the blood and increased capillary permeability. On the other hand, the anesthe- 
tized animal differs markedly in its response to histamine from the unanesthe- 
tized dog and still further variation is encountered in the anesthetized animal 
with transected spinal cord, as null be shown. 

Figure 7 is characteristic of the blood pressure and hematocrit changes that 
occur after the intravenous injection of 5 mgm. of histamine in the normal anes- 
thetized (nembutal) dog 8 (0.9 mgm. per kgm.). 

It vdll be seen that the marked di’op in blood pressure begins to be corrected 
promptly and that the hematocrite change is still outspoken after the pressure 
has approached its former height. 

In the second animal, dog 9, with approximately the same effect on the blood 
pressure, the hematocrit value rose considerably higher and this was sustained 
for a protracted period after the blood pressure had returned to normal. The 
plasma protein and fibrinogen loss, like that of the water,'* was extensive. This 
is illustrated in table 6. 

Changes of red cell volume of this magnitude cannot be ascribed to the consequences 
of splenic contraction (14). 
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B. Anesthetized animals with transection of the spinal cord. Only two animals 
were included in this group. Their reactions to the injection of histamine were 
similar in every detail. The fall in blood pressure with its gradual but prompt 
rise towards normal corresponded to that of the normal dog. In contrast to this 
latter type of animal, the pressure change was not accompanied by a marked 
hemoconcentration; there was but a negligible loss of plasma protein and fibrino- 




Fig. 7. Dog S. Hematocrit and blood pressure changes after intravenous injection of 
histamine in a normal anesthetized animal. 

Fig. 8. Dog 10. Intravenous injection of histamin into an anesthetized dog after tran- 
section of the spinal cord. Note the absence of significant changes in hematocrit in contrast 
to dog 8 in figure 7. 


TABLE 6 


The effect of the intravenous injection of histamine on the anesthetized dog 9 



HEilATOCMT 

PLASMA 

PROTEIN 

riBRINOGEN 

Before injection of 5 mgm. of histamine (0.4 mgm. 

1 per cent 

per cent 

per cent 

1 per kgm.) 

45.2 

5.73 

0.336 

10' after injection 

61.5 

5.57 

0.219 

60' after injection 

71.8 

5.07 

0.226 

120' after injection 

80.9 

5.60 

0.156 

180' after injection j 

80.3 ! 

5.09 

0.214 

270' after injection 

76.0 

4.20 

0.236 


Variation in per cent of the original value (corrected for the change in hematocrit) 


10' after injection ; 


-41.0 

-72.0 

-84.0 

-89.0 

-97.0 

-73.0 

-92.0 

laa f\ 

60' after injection 


120' after injection 


ISO' after injection 


■ 114. n 

•• . » . , 

270' after injection 


im n 





gen. (See table i and fig. 8.) This, it maj’’ be recalled, is in accord with the 
results obtained vdth thromboplastic substance. The fall in blood pressure with 
the associated hemoconcentration and loss in plasma protein and fibrinogen mani- 
fested by the normal animal gives way to a fall only in pressure, a tendency to 
hemodilution, and occasionally actual increase in plasma protein when the spinal 
cord is severed. 
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C. Anesthetized animals with reduced tissue 'potassium. Three dogs are included 
in the group subjected to a preliminary period of about 30 days on a low potas- 

TABLE 7 


The effect of the intravenous injection of histamine in the anesthetized dog after transection of 
the spinal cord. Dog 10. Spinal cord cut. Nembutal anesthesia — 6 mgm. histamine 



HEMATOCiaT 

PLASMA 

PHOTEIN 

PIBRIKOGEN 

Before transection of the cord 

per cent 

57.7 

per cent 

5.51 

per cent 

0.306 

After transection of the cord 

48.6 

5.8 

0.271 

10' after injection of 5 mgm. of histamine (0.3 mgm. 
per kgm.) 

52.0 

5.47- 

0.259 

25' after injection of 5 mgm. of histamine 

51.1 

5.64 

0.238 

60' after injection 

50.0 

5.38 

0.250 

130' after injection 

48.9 

5.76 

0.249 

260' after injection 

51.8 

5.34 

0.298 




Variation in per cent of the original values (corrected for the change in hematocrit) 


10' after injection 


+1.0 

+13.0 

25' after injection 


+7.0 

-17.0 

60' after injection 


+4.0 

-10.0 

130' after injection 


+13.0 

-8.0 

260' after injection 


+0 

+4.0 




TABLE 8 


The effect of intravenous injection of histamine on the anesthetized dog with reduced tissue 

potassium. Dog 11 for SO days 



HEMATOCRIT 

PLASMA 

protein 

riBKINOGEN 

Before injection of 5 mgm. of histamine (0.4 mgm. 

per cent 

per cent 

per cent 

per kgm.) 

44.0 

5.84 

0.275 

10' after injection .• 

53.9 

5.90 

0.289 

60' after injection 

52.3 

5.56 

120' after injection 

52.4 

5.18 

0.271 

240' after injection 

51.9 

5.58 

0.268 


Variation in per cent of the original values (corrected for the change in hematocrit) 


10' t 


-22.0 

60' 


o 

CO 

(N 

1 

120' 


-29.0 

240' 


-23.0 





sium diet. Under nembutal anesthesia the 3 '’ reacted similar^'’ to the injection 
of 5 mgm, of histamine. There was a prompt and protracted fall in blood pres- 
sure with the same trend to the pre-injection level and the same recoverj'’ period 
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manifested by the normal dog. The extent of the hemoconcentration, hon ever, 
as well as the loss in plasma protein and fibrinogen was far less than in the normal 
animal. This is illustrated in table 8. 

D. Unanesthetized animals. The symptoms following injection of 5 mgm. of 
histamine in the unanesthetized dog are much less definite than in the animal 
under nembutal anesthesia. Indeed, 3 or 4 times the amount per kilogram are 
required to secure anything like the same protracted vasodepressor effect. This 
is also tme for the changes in hematocrite and plasma proteins as is illustrated 
in table 9. 

Summary. Nembutal anesthesia results in greater susceptibility than the un- 

TABLE 9 


The effect of intravenous injection of histamine on the iinanesthetizeA dog 12 



HEMATOCRIT 

PLASMA PROTEIN 

Before injection of 20 mgm. histamine (1.3 mgm. per kgm.) . 
1.^' nftPT injpnt.ion of hiRtnmine 

per cent 

37.8 

45.4 

per cent 

5.37 

5.23 

nff.pr injpnt.inn of histnininp 

42.8 

5.12 

iojpolTon of ' 

39.4 

5.12 

155' after injection of histamine 

43.1 

5.37 




Fig. 10 


Fig. 9. Average hematrocrit changes following intravenous histamin injection 
normal dogs, spinal dogs, and dogs with reduced tissue potassium. 

Fig. 10. Average plasma protein changes after intravenous histamin injections 
normal dogs, spinal dogs, and dogs with reduced tissue potassium. 


into 

into 


anesthetized animal display.s to changes in blood pressure, fluid, and plasma pro- 
tein content after intravenous injection of histamine. 

After prolonged feeding with a diet low in potassium, the anesthetized dog does 
not differ from the animal on a regular diet in his blood pi’essure reaction to the 
injection of histamine. Hemoconcentration and loss in plasma protein however 
are definiteh" reduced. 

rVfter section of the spinal cord the blood pressure fall and return conform to 
the pattern in the normal animal but hemoconcentration and loss in plasma pro- 
tein do not occur. The tendency, though .slight, is for hemodilution and for 
actual increase in protein. This is illustrated in figures 9 and 10. 

3. Changes in blood pressure, hematocrit and plasma protein effected by the release 
of an arterial-occluding tourniquet. The unanesthetized dog was not utilized in 
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this series of experiments and no data are available for comparison with anesthe- 
tized animals included in the following presentation. 

The release of the arterial-occluding tourniquet was followed invariably by a 
gradual but continued drop in blood pressure to shock levels of 60 to 70 mm. Hg. 



COMOeO IB MINUTC 



Fig. 11 

Fig. 11. Dog 13. Blood pressure fall following the release of tourniquets occluding the 
circulation of the hind legs of anesthetized dog 13. 

Fig. 12. Dog 14. Changes in clotting time of the blood associated with the immediate 
and transient blood pressure fall after release of hind leg tourniquets. Note the shortening 
of the clotting time simultaneous with the pressure fall. 


TABLE 10 


The effect of release of tourniqxiets occhiding the circulation of the hind legs of the anesthetized 
dog IS. Ligation for hours. Death 2 hours after release 



HEMATOCRIT 

PLASitA 

PROTEIN 

riERINOGEN 

Before release of tourniquets 

per cent 

42.0 

per cent 

5.66 

per cent 

0.541 

10' after release 

49.4 

5.67 

0.473 

40' after release 

.W 4 

5.83 

0.572 

60' after release 


5.55 

0.483 

90' after release 




120' after release 


4.97 

0.621 





Variation in per cent of the original values corrected for the change in hematocrit 


! 

10' after release of tourniquets 


-17.0 

BH 

40' after release of tourniquets 


-26.0 

BaiB 

60' after release of tourniquets 


-39.0 

BSI 

120' after release of tourniquets 


-43.0 



As a rule it continued for a period at this height but graduallj^ decreased later in 
the experiment. 

a. Anesthetized a?iimals. Of the large group subjected to this procedure dog 
13 is typical. 

The blood pressure tracing (fig. 11) shows the downward trend after release of 
the tourniquet until it indicated only 30 mm. Hg shortlj' before the death of the 
animal after 115 minutes. The short, sharp fall followed by temporaiy rise in 
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pressure immediately after the re-establishment of the circulation requires com- 
ment. It was not a constant finding and both the fall and rise were variable in 
amount. A more extensive change of this type occurred in dog 14 and in this 
experiment as in several others the blood coagulation was studied. The figures 
are of interest and are placed in relation to the blood pressure cunm as closely as 
could be ascertained. This is illustrated in figure 12. 

Careful search for intravascular clots after the death of the animal was only 
rarely positive and the coagula were never large. Still it seems possible that the 
release of the circulation, which was associated with a shortened coagulation time, 
did cause small clots occasionally and that this is one of the causes for the primary 
drop in blood pressure. Further support for this viewpoint is forthcoming from 
the fact that this early immediate change in blood pressure does not occur in a 
heparinized animal. Other observers have noted clotting in the tip of the can- 


TABLE 11 

The effect of release of tourniquets occluding the circulation of the hind legs after transection of 
the spinal cord in the anesthetized dog 15 



1 

HEMATOCRIT 

PLASMA PROTEIN 

Before ligation 

per cent 

40.4 

per cent ' 

4. 98 

Before transection of the cord 

1 43.5 

4.17 

Before release of tourniquets 

38.8 

4.41 

10^ after release 

43.9 

4.88 

60' after release 

40.8 

4.48 


Variation in per cent of the original values corrected for the change in hematocrit 

Before release of tourniquets 


-1-17.0 

+17.0 

+14.5 

10' after release 


60'.... 



I 


nula immediately after the re-establishment of circulation in similar circum- 
stances. The outcome of the experiment, however, is not influenced b}^ absence 
of this primary change in coagulation time and small clot fonnation. 

To continue with dog 13 (fig. 11), analysis of table 10 shows that hemoconcen- 
tration reached its height at the end of 40 minutes when the blood pressure was 
116 mm. Hg. The plasma protein continued to drop until the death of the ani- 
mal and the fibrinogen winch had decreased maximally during the first hour again 
rose and almost reached the starting value before the experiment terminated. 

h. Anesthetized animals with transection of the spinal cord. Dog 15 is selected 
from a group of seven animals whose spinal cords were cut at the level of the 2nd 
thoracic vertebra 4 to 5 hours after the circulation of the legs had been shut off 
and just before the occluding tourniquet was removed. Aside from the fact that 
the blood pressure usually was slightly reduced even before the circulation of the 
legs was re-established, it then fell gradually as in the other two groups of this 
series. The hematocrit on the other hand remained remarkably constant. The 
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plasma protein occasionally showed a tendency to reverse the picture of the 
normal dog in the same circumstances, 
c. Anesthetized animals with reduced tissue 'potassium. The blood pressure 

TABLE 12 


The effect of release of tourniquets occluding the circulation of the hind legs of the anesthetized 

dog 16 with reduced tissue potassium 



HElIATOCiaT 

PLASllA PROTEIN 

Before applying tourniquets 

. fer cent 

47.4 

fer cent 

5.49 

Before release 

51.0 

5.25 

10' after release 

58.0 

5.25 

30' after release 

58.0 

5.28 

70' after release 

58.0 

4.99 

140' after release 

66.0* 

5.51* 




Variation in per cent ot the original values corrected for the change in hematocrit 


Before release of tourniquet 


-14.0 

10' after release 


-14.0 

30' after release 


-13.0 

70' after release 


-19.0 

140' after release 


-24.5* 





* Agonal. 


TABLE 13 


The effects produced before release of tourniquets occluding the circulation of the hind legs of the 

anesthetized dog 


DOG NO. 

HEMATOCRIT 

PLASHA PEOIEm 

Value 

Change 

Value 

Change 

17 — ^Normal | 

per cent 

45.5 

47.3 

per cent 

1 +4.0 

per cent 

5.81 

5.66 

per cent 

1 -6.5 

15 — ^Normal | 

40.4 

43.5 

} +7-8 

4.98 

4.17 

1 -24.0 

16 — ^Reduced tissue potassium | 

47.4 
50.8 , 

J +7.0 

5.49 

5.25 

1 -11.4 

18 — Reduced tissue potassium | 

49.3 

51.0 

1 +3.5 

6.50 

4.81 

1 -26 


curve requires no comment inasmuch as it conforms generallj’- to that of the 
normal dog. The hematocrit, plasma protein and fibrinogen changes from the 
time of release of the circulation of the leg are all slight except for the agonal 
figures which must be discounted. This is illustrated in table 12 compiled for 







MECHANISMS INVOLVED IN SHOCK 


295 


dog 16, an example of a group of nine animals subjected to this particular pro- 
C6(iiir6* 

It will be noted from tables 11 and 12 that there is a distinct change in the 
hematocrit between the period of application of the tourniquet to the leg and its 
release. With only one exception out of eight animals, hemoconcentration oc- 
curred. This varied from an increase of 3 .5 per cent to 7.8 per cent. The plasma 
protein loss in the same period w'as even more marked from 6 per cent to 26 per 
cent. 

These changes in hematocrit and plasma protein are particularly noteworthy 
as they occurred during the period w^hen the blood pressure -was stable and w^hen 
absorption from the legs wdth occluded circulation must have been minimal. 

Summary. The blood pressure curves in the three groups of animals are quite 
comparable. After four to five hours the tight tourniquet itself causes some 
hemoconcentration and loss in plasma protein. Transection of the spinal cord 
tends to low'er the blood pressure shghtly and to decrease the suivival period. 
Especially conspicuous is the reduction of hemoconcentration and loss of plasma 
protein in animals preliminarily fed on a low potassium diet and the tendency to 
hemodilution and even absolute increase in plasma protein when the spinal cord 
has been severed. 

Discussion. Anesthesia, spinal cord section and depletion of tissue potassium 
have all been shown to have similar alterative effects upon the w^ell Icnown 
changes in blood pressure, red cell volume and plasma protein induced by intra- 
venous injection of thromboplastic substance or histamine as w'ell as by the re- 
lease of an arterial occluding tourniquet on the hind legs. That the central 
nenmus system is implicated in the controlling mechanism is strongly suggestive. 
Further analysis follows; 

In the unanesthetized dog the clot resulting from injection of thromboplastic 
substance causes onlj^ a short, sharp rise in blood pressure; under nembutal anes- 
thesia an acute protracted drop in pressure occurs. Since the stimulating agent 
is the same and the onl}'- difference is the block created by the anesthetic, it may 
be assumed that the vasopressor as well as the vasodepressor centers are activated 
simultaneously in the unanesthetized animal. As the vasopressor influences are 
recognized to be stronger, the drop in pressure is not manifest. Under nembutal, 
interference vdth central regulation of the vasopressor system occurs and de- 
pressor changes prevail as a result of the removal of this balancing agency. The 
pathway through which the depressor effects are transmitted are not established 
fuither than that thej’’ are contained in the spinal cord. As a consequence when 
the cord is transected the depressor reactions are greatly reduced and changes in 
blood pressure do not occur. 

If it can be assumed that elimination of the pressor effect is an expression of 
lack of sjTnpathetic control then depressor dominance may be considered as an 
expression of parasympathetic overbalance. In this association it should be re- 
called that nembutal is one of the few barbiturates said not to involve the 
parasjTnpathetic (15). 

\\Ten such dominance of the parasjnnpathetic system exists it is expressed 
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primarily by a fall in blood pressure. Hemoconcentration and loss of plasma 
protein also occur, and these, too, may be considered as expressions of parasym- 
pathetic over function. This is supported by the observation that when the 
parasjnnpathetic influence is minimized b 3 '- section of the spinal cord, all of these 
manifestations disappear including fall in pressure, loss of fluid and protein from 
the blood. 

It may be argued that in all of these experiments involving thromboplastic 
substance in the variously prepared animals, the changes in blood pressure and 
capillary permeability for fluid and protein have the same general trend. Even 
with this agent, however, their extent, duration and recovery are in no way coin- 
cident. When the series of experiments with histamine or Yuth release of an ar- 
terial occluding tourniquet is considered, it becomes quite evident that the fall 
in pressure and the permeabilitj’- of the capillary wall are not necessarily expres- 
sions of a single influence. For example, with histamine vasodepression is 
equally marked in the anesthetized dog with intact or with transected spinal cord. 
In the former there is marked hemoconcentration and loss in plasma protein; in 
the latter there is actual^'- hemodilution and occasional!}’- even increase in plasma 
protein. Other equalty outstanding differences between blood pressure depres- 
sion and capillary peimeability may be cited as, for example, the release of an 
arterial occluding tourniquet in the dog with intact or transected cord, etc. 

These facts necessitate the conclusion that if anoxia of the capillary wall follows 
sustained vasodepression, it cannot be the dominant or exclusive cause of in- 
creased capillary permeability. As pointed out by previous investigators (16, 
17), it would be difficult to exclude the nervous system as a controlling influence 
for permeability of the capillary wall; further, it would seem that as long as the 
sympathetic system is functionally adequate, hemoconcentration or loss in 
plasma protein would not occur. As soon as this sj'^stem becomes impaired, 
whether through anesthesia or other influence, and dominance of the parasympa- 
thetic becomes possible, there follows increased peimeation of fluid and protein 
through the capillary walls. Hemoconcentration therefore may be related to 
impaired sjmpathetic control without diminished parasympathetic action. 

This seems to be a definite neural controlling mechanism. That a humoral 
factor may exert an influence also must be considered . The evidence that anoxia 
plays a role cannot be disregarded, even though, as stated above, it maj’- onlj’’ be 
of relative significance in the local effect on the capillarj'- wall. Much attention 
has been directed to changes in the adrenal cortex associated with inadequate 
oxj’-gen suppl}^, whether this results from high altitude, insufficient pulmonary 
aeration, or reduced blood flow in the gland. Under-function of the adrenal cor- 
tex, accompanjdng inadequate oxj’^gen supplj'", is well knonm to be associated 
vdth mobilization of tissue potassium. When it is recalled that this electrobde 
is regarded as one of the mediators of the paras^'-mpathetic system, it is not as- 
tonishing that hemoconcentration follows under-functioning of the cortex of this 
gland. In support of this ^’iew is the fact that loss of fluid and of protein from 
the blood through the capillarj’- wall is greatlj’" reduced if the tissue potassium of 
the experimental animal has been depleted bj'- dietar}”- control -vrith decrease of 
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potassium available for mobilization. Evidence in support of this statement is 
included in the foregoing presentation. 

Briefly stated, it is suggested that any influence, and there are many, that 
allows the parasympathetic neivous system to dominate results in low blood pres- 
sure and increased permeation of fluid and protein through the capillary wall. 
Such influences include exhaustion or interruption of the balancing power of the 
sympathetic nervous system and direct stimulation of the parasympathetic sys- 
tem. The latter may result from central or peripheral influences and among 
these potassium must be included. Its mobihzation through impaired adrenal 
cortical function is recognized and such impaired adrenal cortical function is now 
known to be associated with inadequate oxygen supply to the gland. 

SmiMARY 

Studies on mechanism are presented associated with fall in blood pressure, 
relative red cell volume and plasma protein content following intravenous injec- 
tion of thromboplastic substance, histamine, and release of an arterial occluding 
tourniquet on the hind legs of dogs. 

The conditions of the experiments in each of these three groups have been 
varied to include the influence of anesthesia, section of the spinal cord, and deple- 
tion of tissue potassium. 

Clot formation, after intravenous injection of thromboplastic substance, is 
associated -with a short, sharp rise in blood pressure without significant variation 
in red cell volume or plasma protein in the unanesthetized animal. With anes- 
thesia there is a marked and sustained fall in blood pressure, an increase in red 
cell volume, and a loss of plasma protein. None of these manifestations occur 
in the absence of clot formation as is demonstrable by preliminary heparinization. 
They are eliminated also when clot follows the use of thromboplastic substance 
if the spinal cord has been sectioned. 

Anesthesia reduces greatly the amount of histamine essential to produce the 
equivalent fall in blood pressure, increase in red cell volume, and loss of plasma 
protein required for the unanesthetized animal. Section of the spinal cord does 
not modify the vasodepressor effect; it does, however, eliminate the rise in red 
cell volume, and the loss in plasma protein. 

The gradual fall in blood pressure that follows release of the arterial occluding 
tourniquet is not influenced by section of the spinal cord. On the other hand, 
the increase in red cell volume and loss in plasma protein is eliminated by this 
procedure. 

Preliminary depletion of tissue potassium in all three groups is without influ- 
ence on the blood pressure changes; it does reduce the rise in red cell volume and 
the loss of plasma protein.* 

The role of the autonomic neiwous system and the part pla3^ed by electrolytes 
in mediating its relation to the changes in red cell volume and plasma protein is 
discussed. 
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During the past several decades it has been strongly suspected that a hormonal 
factor or factors actually precipitates the maternal response. Stone (23) pio- 
neered in an attempt to resolve the problem by breeding one of two rats in para- 
biosis; the results, however, were inconclusive. Ceni (2, 3, 4) brought this 
early epoch to an end by showing that the sex honnones (androgens, estrogens) 
are not the causative factor and that they actually tend to inhibit or suppress 
maternal care in dogs. Ceni also initiated broodiness in poultry by prolonged 
injections of massive doses of combined extracts or dried tissue from thyroids, 
adrenals, hypophyses and parathyroids. With a mixed pituitary extract, in 
which gonadotropin was considered the effective factor, Ehrhardt (6) reported a 
single case of what seemed to be maternal behavior in an adult nonparous mon- 
key. Wiesner and Sheard (24) then showed that crude extracts of the hypoph- 
ysis alone — all containing mixtures of the various pituitary hormones — were 
somewhat effective in initiating maternal behavior in margin female rats. These 
authors thought the effective hormone was not prolactin, stating that “it seems 
exceedingly unlikely that the same factor is responsible for mammary secretion 
and maternal behavior.” 

After learning that broodiness in fowl seems to be induced only or chiefly by 
prolactin (19) the present study (preliminarj’- reports, 20-22) was undertaken 
with the sole purpose of identifying the specific hormone or hormones (and 
somatic state) which, in cooperation with parts of the nenmus system, condi- 
tions' or determines the exhibition of parental or maternal care in the rat. 

Methods. The method used for testing for maternal behavior was a marked 
modification of that adopted by Wiesner and Sheard (24). The usual pro- 
cedure was to start vdth intact rats aged 60 to 70 days and test their beha^dor 
daily for a preliminary period of 10 days. All rats used were from litters in 
which the sexes were separated at age 30 days, and presumably no rat had pre- 
vious retrie\dng experience; the only possibility for such experience is that it 
retrieved a litter mate. Each rat was placed and remained in an individual cage 
(39 X 39 X 22 cm.) pro^dded \sdthnesting material (wood shavings), food and water. 
The real of all cages (in racks) was against the wall of a moderately’' lighted 
room; all sides and the top of cages were of open-mesh vdre (metal floor) which 
permitted good obseiwation of the cage’s contents. Operated animals were al- 
lowed 2-5 days for recovei^’- before beginning their tests. 

In making the test a small metal trap-door (upper-front of cage) was opened 
(some noise) after fii-st remoidng the flat-type water bottle (so arranged as to 

299 



300 


O. RIDDLE, E. L. LAHR AND R. W. BATES 


fasten the door) and a young rat 1 to 5 da3'^s old dropped or placed in the front 
part of the cage. Thereafter, during a period of 10 minutes the activities of the 
subject were observed and the items considered significant were recorded; four or 
five subjects were thus obsen’-ed simultaneousljL An effort was made to have the 
rat pups warm and active at the beginning of the tests, but it was not possible to 
attain more than moderate uniformit}’- in this item. Though the rat usuallj’’ 
found the proffered pup at once it was sometimes necessarj’^ to attract or even to 
lift the rat (subject) to the front of the cage where the observer could make sure 
that the subject became aware of the presence of the j’^oung. Nearly all tests 
were made during dajdight hours but a few were made at night. All tests except 
those originally reported ( 20 ) were made in a room which was adequatelj’' heated 
in winter. Practicallj'^ all of the behavior records were made b}'- two of the 
authors. In several of the earlier tests the two recorders observed the same rats 
at the same time. 

Obseiwations made and recorded covered the follovdng items: whether and at 
which moments the subject “nosed” the 3’’Oung, consumed food, licked and 
handled the young, bit the j’^oung, returned to the nest alone, cuddled the j'oung 
where it lay, retiieved the j’^oung onlj’- or both retrieved and cared for the j^oung 
in the nest, repaired the nest with or without the j'^oung being in it, or piled nest 
material over the young wherever it happened to lie. In the present summariza- 
tion of results, however, other items are disregarded and only those subjects that 
retrieved young and cared for them in the nest on three or more successive days 
are recorded as having exhibited full parental, behavior. In relativel.y few cases 
was this behavior observed on one or two da.ys mth failure on a third da3L Rats 
which retrieved regularly, but rarel3’- or never cuddled the retrieved smung, were 
credited with one-half the full parental response. 

All animals were tested with rat pups as described above for a period of at 
least 10 successive da5'’S prior to their acceptance for tests under injection. 
in the first series of tests ( 20 ) were any of the rats given an3’’ sort of “priming in- 
jection”; likewise the practice of “concaveation” (leaving the 3’oung overnight 
or longer with the test animal), largel3>^ used b3’- Wiesner and Sheard ( 24 ), was 
abandoned as an undesirable complication. Indeed, in an3'’ thermophilic animal 
(e.g., the mice of Leblond, 12 ), and particular^'' in an3’' rodent whose heat produc- 
tion has been decreased by h3"poph3'sectom3'^ or th3'roidectom3', this emphatic use 
of visual and contact stimuli seems capable (through other “satisfactions”) of 
rendering it impossible to stud3' the role of hormones in maternal behavior. 
Some rats of all categories studied by us were found to exhibit either a partial or 
a “full” maternal response .(“normal reactors”) during the 10 da3's of pre- 
liminaiy testing. These “normal reactors” were eliminated from all subsequent 
tests except those in which a stoppage of the parental response was the goal of the 
test; and for the latter purpose onl3’' rats (normal reactors or those made maternal 
b3' hormones) giving the full response were accepted. 

All subjects which remained distinctly negative throughout their l0-da3'' pre- 
liminary test were injected daib" during the next 10 days with one or another 
hormone and the tests and [observations continued precise!}' as before. Animals 
which did not become maternal (i.e., did not give “full” positive responses on 
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three successive days) before the end of the series bf 10 injections were tested 
daily thereafter and responses occurring within the following 3 days were arbi- 
trai-ily considered as due to the substance administered. Indeed daily testing 
was continued on all animals which remained negative, and after a suitable in- 
terval (10-15 days) they were given a second, or even a third, series of injections 
vdth another substance or hoimone. The daily injection was ^ven subcu- 
taneously and usually followed the period of test and observation by a few hours. 

Four further items concerning the response are notable, a. The licking of 
pups — particularly their genitals — as soon as the pup was found, and before 
canying it to the nest, seemed to be done more assiduously by rats at or near the 
initiation of their maternal response; a few days later the proffered pups were 
more likely to be carried directly to the nest where licking occurred at intervals. 
h. Many or most rats that became maternal thereupon assumed a more ag- 
gressive attitude to the hand of the observer when the retrieved young was re- 
moved from the nest. This frequently fierce defense was usually in striking 
contrast to the reaction which the same rat had shown while in the non-maternal 
state, c. Many tests made on maternal rats showed that they would not re- 
trieve small, smooth (clean) corks or a wood-shaving dropped through their cage 
door as were the proffered pups. d. The degree of attentiveness to young by 
subject rats made maternal in these tests was usually less than that shown bj’' 
the normal parturient rat. Occasional rats, despite having undergone pregnancy 
and given birth to a litter, are not maternal at all; in comparison with such 
mothers our positively responding rats show a wholly different category of be- 
havior. Nest-building also was notably less adequate in our responding and in 
our “normal reactor” rats than is usual in parturient rats; special tests indicated 
that this was not wholly due to the short time the pup was left with the subject, 
since three or more pups left overnight were usually not provided with really 
good nests. Possibly, however, these latter tests were not suitably timed wuth 
the onset of the drive. Nevertheless the hormones which gave positive responses 
in the present series of virgin or other rats effected a radical change in the un- 
learned behavior of rats of various sex t 3 q)es. Our all-important criteria of 
response therefore, though by no means ideal for quantitative study, represent 
something definable and real. 

Mateeials. The rats used were of Wistar strain. Only virgin females, and 
males not used as parents, were included in these tests. The rats were fed dog 
chow and a small amount of cracked corn and hemp once dailj’’; lettuce or cab- 
bage was fed once weekly. 

A short characterization of the hormones and extracts used, together with the 
daily dose of each, follows: 


1. Whole anterior pituitary of beef extracted at pH 9-10, 10 (or 5) mgm. 

2 Growth preparations (Antuitrin G; Collip; Ayerst, McKenna and Harrison: Evans) 
0.2, 0.1 or 0.05 cc. (2 to 6 mgm.). 


3. Prolactin, 30 Riddle-Bates units (40 international units; 3-5 mgm.); also 2 smaller 

dosages (6 u.; 12-2A R-B u.) to control “prolactin content” of some preparations of 

tj pes 1 and 2 above, and to show effect of dose level. 

4. Intermedin (from I. G. Farbenindustrie Gesellsch.), 100 Phoxinus units. 
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5. LH (Luteinizing, from Doctors Devoid and Hisaw), 2-4 r.u. (57 tests) or 20 r.u. 
(9 tests) ... 

6. FSH+ thyrotropin, 4 (or 2) mgm. To stop maternal response, 10 (or 20) mgm. 

7. Thyrotropin' 'C+FSH) (From I. G. Farben.), 9 guinea pig units. 

8. Adrenotropin, 5 (4 or 2) mgm. (contaminated; see below). 

9. Serum of pregnant mare, 0.2 cc. (1.25 x minimum ovulation dose in rabbit). 

10. Prolan (Elbcrfeld, Germany), 15-30 m.u. (or 100 m.u.). 

11. Desoxycorticosterone acetate, 0.2 mgm. in sesame oil; or implant of an 8-11 mgm. 
pellet (only partly absorbed). 

12. Progesterone, 0.2 or 0.1 mgm. 13. Testosterone, 0.5 mgm. 

14. Estrone, 5 or 50 r.u.; Progynon B, 5-250 r.u. (in 20-day tests, 50-250 r.u.; or pellets in 
5 females) . To stop response, 5, 50 or 100 r.u. 

15. Cortin (Kendall; Wilson Laboratories), 0.4 cc. (in two doses). 

16. Phenol, 0.3 to 0.6 cc. of 0.5 per cent solution. 

17. Parathyroid extract (Lilly) 30 units. 18. Thyroxine, 20-50 gamma. 

19. Extract (at pH 8.0-9.0) of 20-30 mgm. of desiccated thyroid. 

The injection of these preparations only rarely produced abscesses or notable 
skin reactions. The volume of oil used to dissolve most steroids was kept be- 
tween 0.05 to 0.2 cc. per injection since the oil formed subdeimal pockets and was 
slowlji' absoTbed. Thyroxine injections resulted in loss of body weight. Phenol 
and certain FSH-f- solutions caused a slight transient local irritation but no ob- 
tdous change in body weight. 

Preparations of types 1 and 2 above affected parental beha^dor quite similarly; 
they were also alike in that our assays of them showed them to contain several 
pituitary hormones (type 1 preparations also contained some posterior lobe 
hormone). The results obtained with the two types are therefore summarized 
together (fig. 1, table 2). The tests made with two lower dose levels of prolactin 
were designed in part to indicate the extent to winch the prolactin content of the 
vmfractionated pituitary extract (whole A.P.) and “grovi;h” preparations may be 
expected to affect parental behavior. Any clearly demonstrated ability of 
preparations of types 1 and 2 to make rats “maternal” was limited to the normal 
females and to the higher dosage ; and in this case our analysis of the data shows 
that an undue proportion of normal females were given the highest dosage. 

All of the eight different preparations of prolactin used were practically free 
from FSH and LH as indicated by the follo\ving test: the intravenous injection 
of 50 mgm. of the preparation would not induce otyilation in a 4-month New Zea- 
land rabbit. Three of these preparations had, and the others had not, consider- 
able ability to enlarge the adrenals of 21 -da 3 '- rats (2-day chicks also used with 
later preparations) but all these fractions were very similar in their influence on 
maternal behavior. About four-fifths of the tests were made vdth no preserva- 
twe in the prolactin solution; in the remainder 1.0 per cent butyl alcohol was 
used. No difference in the results was detected. Solutions (pH 8.0) were made 
up each 4-5 days and kept in the ice-box. In most of our tests the (salt-free) 

1 To all of the above mentioned firms and individuals, also to Dr. Erwin Schwenk, Sober- 
ing Corporation (for desoxj'corticosterone, progesterone, testosterone, estrone and Progy- 
non B), and to Dr. Oliver Kamm, Parke, Davis and Co. (for Antuitrin G and mare serum), 
we express our appreciation for materials contributed to this investigation. 
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prolactin used was heated to 60° C. for 5 hours (or 99 for 1 hi.) a,t pH 8.0 a 
procedure which reduced or excluded the possibility that certain pituitar 5 '^ con- 
taminants, and likewise any included enzymes, were responsible for the effect 
here ascribed to prolactin. None of the other pituitary derivatives used by us 
was subjected to heat. 

The intermedin used was practically free of actions identifiable with other 
anterior lobe hormones and with pitocin. The LH used was only partially as- 
sayed by US', the preparations were not pure LH, but their prolactin content was 
low. The three preparations of adrenotropin used contained from 0.1 to 1.0 
unit of prolactin per mgm.; their content of FSH and thyrotropin was moderate 
or low; they all had some ability to enlarge seminal vesicles and uteri of 21- 
day rats. 

Preparations of types 6 and 7 were shown by our assays to be essentially similar 
in that they were quite potent in both FSH and thyrotropin and usually con- 
tained smaller amounts of LH, adrenotropin, and posterior lobe hoimone. Our 
own preparations (type 6) contained no more than 0.01 unit of prolactin per 
milligram, though the donated preparation (type 7) bad 0.1 unit per milligram. 
The Prolan (I.G., Elberfeld) most used w^as assayed at the source at 300 r.u. 
per milligram. 

Only 5 hypophysectomized, 3 thyroidectomized and a few castrated rats w^ere 
tested and found non-maternal previous to operation. Other rats were not 
tested before operation. The number of hypophysectomized animals available 
for tests of effects of the various hormones was restricted by the high percentage 
of such animals which became maternal following the operation. 

Results. A summary of 2,883 tests made on various types of rats is given in 
a form suitable for rapid survey and comparison in figure 1. A few additional 
tests are described in the text. The columns of the graph show onlj'^ the per- 
centage of positive responses obtained. Since unequal numbers of rats were in- 
jected with the different hormones, and since unequal numbers of the different 
sexual types were injected with the same hormone, it is useful to present addi- 
tional data in tabular form. 

Tests for normal reactors {control). Some rats of all sex types gave positive 
maternal responses in the preliminary tests (“normal reactors”) without any 
injection of hormone (table 1). In 1045 of the usual 10-day tests it is rather 
surprising to find that the percentage of such normal reactors is practically equal 
in males and females. Castration seems to increase slightlj?; the percentage of 
normal reactors among both males and females. That is indeed the e.xpected 
result if decrease or suppression of gonad actmty is a part of the mechanism by 
which the maternal response is established. 

The results of 110 tests which w^ere continued for an additional 10-30 days 
indicate that most but not all of the normal reactore were eliminated in the 10- 
da}' prelmiinary tests. These tests therefore show that some rats injected from 
days 10 to 20 may be expected to become maternal (reactors) quite apart from an 
influence of the substance injected. We have calculated this number as ap- 
proximately 15 per cent, and usually only values above 25 per cent may be con- 
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sidered of significance in relation to tlie substance injected. About 4 to 5 per 
cent of all sex types became maternal so long after (4-10 days) a series of injec- 
tions that the response could not be attributed to excess of the hoimone ad- 
ministered. 

Since about four-fifths (see above) of hj’-pophysectomized and thyroidecto- 
mized rats were not tested prior to operation, and nearly 25 per cent would thus 
have proved to be normal reactors, it is clear that the “control” data (fig. 1; 
table 1) suggest an effect of the operation itself which is about 20 per cent greater 
than is actuall 3 '^ the case. 

A further effect of castration is reflected in the fact that almost all substances 
which clearly evoked maternal behavior did this more frequently in castrate than 
in normal rats of the corresponding sex (fig. 1 ; table 2). In this list of substances 

TABLE 1 


Percentage of maternal (parental) responses in control normal rats, and in rats castrated, 
hypophysectomized or thyroidectomized (uninfected) 


ditration of test 

NUMBER OP 

PEECENTAGE EESPONDING (NOKilAI. EEACTORS) 

TESTS 

Females 

Spayed 

females 

Males 

Castrate 

males 

Usual 10 days 

1045 

22.6 

25.7 


24.6 

Hypct. 10 days 

Thydct. 10 days 

Extended tests — ^20-40 days** 

20 

25 

119 

1 

68.8* 

o.ot 

26.5 

10.0 


23.0 

Non-specific responses! 

859 

5.5 

4.0 

5.1 

3.8 


* Approximately 20 per cent too liigh because all “normal reactors” were not eliminated 


before operation, 
t Only 3 tests. 

** Non-reactors during 10 days but further tested during 10-30 days. 
t Positive responses at 4 to 10 days following a last injection but apparently not induce 
by the treatment. 

are: prolactin (30 units), progesterone (in males only), testosterone, desoxy- 
corticosterone, intermedin, LH, phenol, thyroxine and adrenotropin. The 
onlj^ noteworthj'- exception is whole A.P. extract (for female onbO where a dis- 
proportionately large number of normal females received the highest dosage. 
The females of the “20-day estrone” group would appear also to be an excep- 
tion, but in these rats the maternal response began onlj’" 3 to 11 da 5 ’^s after the 
last injection of estrone; these responses are therefore better credited to ivith- 
draioal, or decrease, of estrone than to its administration. 

In general, the positive effect obsen^ed in some females (see above) given un- 
fractionated and “groivtli” preparations could be expected to result from the 
amount of prolactin which we found to be present in these preparations; but, the 
absence of effect in nonnal males, and perhaps in castrates, is of interest m 
indicating that so-called “growth” preparations (2-6 mgm. daity) do not 
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INTER- LH(66) PHENOL A.RE>a 
MED1N(7I) (69) (117) 


o 



PARATHYR. FSH.+ MARE 
EXTR.(45) (49) SERUM 
( 22 ) 



lO OAY 2O-0AY THYRO’ ADREN* GORT- PROLAN THYROID 



PREG.MARE FSH.+ ESTRONE PROLAN TESTOST- 

SERUM(58) (36) (56) (52) ERONE 

(47) 


Fig. 1. Graphic illustration of the action of various hormones in exciting or terminating 
unlearned maternal behavior in rats of various sex types. Conventional signs used for 
female and male castrates; H ~ hypophi’sectomized; Th = thyroidectomized; 0 = zero 
effect. Numbers in parentheses or in vertical columns indicate the number of rats tested. 
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activate maternal behavior. These data (table 2; fig. 1), however, possibly 
merit further examination. Such unfractionated extracts would seem least 
likelj’^ — as a direct result of the hormones introduced by injection — to stimulate 
an increased production of any particular hormone b 3 '- the rat’s own pituitary. 

It is evident (fig. 1) that increasing the dosage of prolactin from 6 to 30 units 
daily increased the maternal response in all of the four sex types. At the higher 
level of dosage, where most tests were made, the results suggest (fig. 1; table 2) 
that normal males were more resistant than the' other three sex types to this ac- 
tion of prolactin. Other data show that those several hormones and substances 
which arouse parental behavior in significant degree likewise fail more often Avith 
normal males than with the other three sex types. In this list, besides prolactin, 
we find: progesterone, testosterone, desoxyeorticosterone (pellet, not injection), 
intermedin, LH, phenol and whole A.P. extract. Thyroxine is a partial excep- 
tion. Again, the two agents having liighest ability to terminate existing parental 
behavior, namety, pregnant mare serum and FSH-}- thyrotropin, are perhaps 
more effective for that purpose in normal males than in the other sex types. In- 
cidentally, tills lower response of normal males under several wholly dissimilar 
treatments — and an analogous differential response of castrates of both sexes 
noted earlier — suggest that our tests have been sufficiently numerous and ac- 
curate to indicate actual relationship between the response obtained and the 
substance administered. 

The quantitative response to intermedin was definitelj'^ below that to prolactin. 
The four sex types, however, responded curiously afike relative to each other in 
the two series of tests (fig. 1). The ability of luteinizing hormone (LH) to evoke 
the maternal response was approximately equal to that of intermedin. Adreno- 
tropin apparentlj'’ had some ability to evoke the parental response in castrates of 
both sexes. It had only slight if anj'- potencj'- in normal females and failed com- 
pletely in 11 tests with normal males. Contaminating substances maj'’ have in- 
fluenced these results. 

FSH-b thja’otropin showed little if anj’' ability to initiate the maternal 
response. It was fairly effecth''e in terminating the response in all groups mth 
the probable exception of castrate female.? (fig. 1; table 3). Prolan is probably 
without effect in evoking the parental response; only 11.9 per cent of positive 
responses were obtained in a total of 59 tests; its ineffectiveness in normal females 
is clear and definite. It terminated the response in some normal rats but not in 
castrates. Pregnant mare serum Avas wholly Avithout ability to evoke the 
parental response in the three sex types tested (table 2). It terminated the 
response in about 85 per cent of normal animals and in 3 of 4 tests on thy- 
roidectomized males, but shoAved little acthdty in castrates and failed in all of 4 
tests on hj’-pophysectomized females (table 3). 

Tests with steroid hormones. Desoxj''Corticosterone acetate has marked ability 
to cAmke parental behavior in all sex types. Its potency’', when injected, Avas 
about equal to that of intermedin; its potencj’’ in the form of implanted pellets, as 
indicated by a much smaller number of tests, rivalled or exceeded that of pro- 
lactin (30 units). In this connection one maj’’ recall facts which indicate sex 
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TABLE 2 

Percentage 0/ maternal responses induced by various hormones, extracts and substances in 

several types of rats 


HORMONE OR PREPARATION 

EEMAHES 

SPAYED FEMALES 

MALES 

CASTRATE ilAlXS 

Number 
of tests 

Per cent 

Number 
of tests 

Per cent 

Number 
of tests 

Per cent 

Ntunber 
of tests 

[Per cent 

Anterior pituitary hormones (and pituitary-likeO 

t.t 



Whole ant. pituitary* 

48 

51.0 

18 

19.8 

30 

11.6 

21 

17.0 

Prolactin (30 u.) 

109 

70.7 

33 

78.6 

54 

57.3 

, 36 

80.0 

Prolactin (in hypct.) 

4 

75.0 



2 

50.0 



Prolactin (in thydct.) 


1 

1 

1 



6 

33.0 



Intermedin 

25 

60.0 

13 

77.0 

21 

52.4 

12 

66.6 

LH (luteinizing) 

32 

59.4 

10 

60.0 

14 

46.4 

10 

80.0 

LH (in thydct.) 

5 

30.0 







Adreno tropin 

18 

19.4 

12 

41.6 

11 

0.0 

13 

26.9 

FSH+ thyrotropin 

21 

14.3 

7 

0.0 

11 

18.1 

10 

10.0 

Prolan (Elberfeld) 

31 

3.2 

8 

25.0 

9 

22.2 

11 

18.1 

Mare serum 

8 

0.0 



4 

0.0 

5 

0.0 

Mare serum (in hypct.) 

5 

0.0 








Steroid hormones (from gonad and adrenal) 


Desoxycorticosterone ac 

9 

55.5 

12 

41.7 

15 i 

60.0 i 

10 

60.0 

Desoxycorticosterone (Pellet) 

13 

77.0 

9 

83.3 

10 

70.0 

8 

75.0 

Progesterone 

30 

68.3 

19 

65.5 

22 

59.0 

21 

65.0 

Progesterone (in hypct.) 

i 2 

100.0 







Progesterone (in thydct.) 

2 

100.0 



3 

33.3 



Testosterone 

24 

62 5 

13 

84 6 

12 

4 1 

91 

KO A 

Estrone (10-day tests) 

25 

18.0 

2 * 

50.0 

10 

5.0 

6 

0^1 

0.0 

Estrone (20-dav tests) 

18 

77.8^ 

2 

50.0 

5 

20.0 



Cortin 

21 

14.3 



15 

26.6 

12 

33.3 


Other hormones and substances 


Phenol 

22 

21 

20 

15 

45.8 

30.9 
15.0 

6.6 

n 



25.0 
39.5 

10.0 
14.3 

18 

15 

Thyroxine 



io 

Extr. desic. thyroid 

Q 


J.U 

Parathyroid extract 

11 

tn c\ 

iU 

5 

13 



i 


* Including “growth” preparations. 
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hormone production by the adrenals and also atrophic changes in adrenals under 
dosage with various cortical hormones. 

Quantitatively the response to progesterone was only a little below that to 30 
units of prolactin, and higher dosage might have proved more effective. Cas- 
trates are less responsive to progesterone. Notable, but nowhere tabulated, is 
the result of treatment of three normal females mth a combination of pro- 
gesterone (0.1 rabbit unit) and estrone (4 r.u.); none of the rats responded to 
this dosage. 

Testosterone has marked abilitj'' to evoke parental behavior in all sex types ex- 
cept normal males. The daily dose, 0.5 mgm., would probably produce an ab- 
rupt and relatively great increase of circulating androgen (and decrease of 
gonadotropin and estrogen ?) in the three sex types which responded, but not 


TABLE 3 

Effectiveness of various hormones in terminating an established maternal response in rats of 

various types 


1 

HORMONE USED 

EEilALES 

SPAYED PEUALES 

MALES 

CASTRATE MALES 

Number 
of tests 

Per cent 

Number 
of tests 

Per cent 

Number 
of tests 

Per cent 

Nujnbej 
of tests 

Percent 

Mare serum 

29 

82.7 

6 

0.0 

8 

87.5 

7 

21.4 

Mare serum (in hypot.) 

4 

0.0 







Mare serum (in thydct.) 





4 

75.0 



FSH-h thyrotropin • 

13 

34.6 

B 

0.0 

9 

44.4 

3 1 

33.3 

FSH-f (inhypct.) 

4 

0.0 

11 






Estrone 

18 

36.1 

H 

25.0 

9 

5.5 

11 

0.0 

Prolan 

26 

23.0 

B 

0.0 

9 

22.2 

8 

0.0 

Prolan (in hypct.) 





2 

0.0 



Testosterone 

7 

0.0 

H 

7.2 

19 

21.0 

14 

14.3 


much increase in the non-responsive normal males; indeed, if the binsquely added 
hormone decreased the male’s own production of pituitary gonadotropin his cir- 
culating androgen may not have increased at all. This dosage, however, had 
some ability to teiminate the maternal response in normal (and castrate) males 
only. 

Estrone has little ability or absolutely no abilitj’" to evoke maternal beha\aor 
while injections are in progress. Estrone terminated the established response m 
some of the two t 3 '^pes of females but not in males. 

A special and untabulated stud}’- of effects of estrogens yielded significant re- 
sults. Eleven virgin female rats were treated for 20 to 26 days; 5 received es- 
trone in the form of implanted pellets for 20 days, 5 were injected dail}’’ -noth 
250 r.u. of estrone in oil for 20 daj’-s, and 1 -wdth 100 r.u. of estradiol benzoate for 
26 daj’S. Under this treatment the mammaries developed to a degree com- 
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parable with that found in the later stages of pregnancy; traces of colostrum were 
present. When 3-day old rat pups were presented to these virgins during the 
last 3 or 4 days of dosage the pups were given no care. One to 7 days after dis- 
continuance of dosage (pellet removed in 5) such young received full maternal 
care. In 9 cases the female nursed and reared 1-3 young to weaning; in 2 cases 
the young were temporaril}’’ fed or cared for but not reared. The expression of 
maternal care as it first appeared in these estrogen-treated rats was apparently 
identical with that which has been used as a criterion of maternal behavior 
throughout these studies. Since the first behavioral activities were quickly fol- 
lowed by suckling and rearing of 5 ’'Oung these special tests confiim and justify the 
interpretation of retrieving and cuddling as expressions of “maternal” be- 
havior. 

Cortin showed little or no significant ability to induce the maternal response. 
This maj'- or may not be associated wdth low dosage or vdth the fact that of the 
steroids injected cortin only was not dissolved in (sesame) oil. 

Tests with other hormones and substances. Phenol induced parental behavior in 
all four sex types; perhaps it was significantly more effective in castrates. Thy- 
roxine exhibited moderate but unquestionable ability to induce the parental 
response in all sex types. Extract of desiccated thyroid tissue did not clearly 
prove effective. Parathyroid extract proved ineffective in these tests. 

Tests made on hypophysectomized and thyroidectomized rats. Our tests ade- 
quately establish the fact that hypophj’^sectomy, or events incident to it, induces 
or permits a significant percentage of male and female rats to exhibit the ma- 
ternal response (table 1; fig. 1). Also, a high percentage (4 of 5 tests of rats 
failing to show this behavior following pituitary removal, and both of 2 males 
injected immediatefy after operation) were found to respond to administration 
of either prolactin or progesterone. A special test w^as made on 5 females in- 
jected with mare serum immediately after pituitar}'- removal; none of these rats 
became maternal during this 10-day period, though 3 (of 4 survivors) gave the 
maternal response at 3 to 11 days after the injections w^ere stopped (table 2; 
fig. 1). Finally, mare serum, FSH-f thyrotropin and Prolan apparently have 
little or no ability (0 of 10 tests) to terminate the established response in hj^- 
pophysectomized males and females; yet those three agents w'ere potent w'hen 
tested on unoperated males and females (table 3). This is clear evidence that 
the pituitary, or a bodily state maintained by the pituitarjq is necessary for the 
termination by hormone administration of an established maternal behavior. 
Moreover pituitaiy removal alone, unaccompanied by gonadal regression, does 
not precipitate maternal behaidor in female rats. It now' appears highly signifi- 
cant that the high incidence of maternal responses in hypophysectomized rats is 
pnmarily associated with gonadal regression resulting from loss of support from 
the pituitary gland. 

Tests made on thyroidectomized males show', confirming McQueen-Williams 
(13), that the operation alone has some ability to evoke parental behaidor (table 
1). It IS notable, however, that male non-reactors, follow'ing the operation 
seem to respond less well to prolactin and progesterone than do unoperated non- 
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reactors of any sex type (table 2). Three tests were made for effects of this 
operation in females; none of the rats exhibited maternal behavior. However, 
when two of these females were later given progesterone both became maternal. 
Another group of five thyroidectomized females were non-reactors in their pre- 
operative 10-day test. Without a subsequent test (in 2 of 5) for the effect of the 
operation alone the}’- were injected immediately with LH; the group showed a 
relatiyely low (30 per cent) response. Thus thyroidectomy was less effective in 
inducing parental behavior than was hypoph}^sectomy (table 1), and the non- 
reacting thyroidless male (and female?) rats were also less readily transfoimed to 
reactors by prolactin, progesterone and LH (table 2). The response was readily 
terminated (3 of 4 tests) in tliyroidless rats by pregnant mare serum although the 
latter and FSH-f were ineffective when thus used in hypophysectomized rats. 

Special data and considerations. Relaiion of hypophysectomy and thy- 
roidectomy to the maternal response. The two preceding paragraphs make it clear 
that parental behavior may be precipitated and exhibited folloudng surgical re- 
moval of either the hypophysis or the thyroid. It should be remembered, how- 
ever, that these organs had existed and functioned in the responding rats up to the 
moment of their removal; also that the removal of either of these two organs 
brasquely sets many or most bodily processes on a new level. Castration also 
increases both the percentage of reactors (table 1) and the effectiveness of any 
hormone (fig. 1) -which commonly induces parental behavior. It is probable that 
all of these operations, besides resulting in a loss of sex hormones and a change of 
hormone balance, either temporarily (anesthesia) or permanently reduce the 
rate of heat production in these rats. It is conceivable that even a temporary 
drop in the metabolic rate is favoi'able for the development of the parental or 
perhaps it is more truly a feminine and “maternal” — response. Very important 
nevertheless is the fact that these several operations leave many or most of the 
operated rats thoroughgoing non-reactors, and for these rats sometlung else is 
needed — and has been found — to make them “maternal.” In this connection 
it is notable that it has not yet been proved that the anesthesia incident to these 
operations is -wholly without effect on the exhibition of parental behavior. One 
recalls Ceni’s (2) statement that housewives in rural Italy, -when in need of a 
brooder for motherless chicks, simply heavily alcoholize a capon and thereafter 
successfully turn the job over to loim. 

We were first to find and report (21) that hypophysectomy may precipitate 
unlearned maternal behavior (rats). Soon thereafter Leblond and Nelson (11) 
reported apparently similar obser\’'ations in mice, though they failed to show that 
there were any “non-reactor” controls in their mouse colony. The last-named 
authors concluded that “a neiwous mechanism, which may be stimulated -nlthout 
hormonic influences, seems to be the essential factor of maternal instinct in mice 
and rats. It may be controlled by hormonic factors in normal animals after 
parturition.” The immediately preceding paragraphs of the present papei 
present much evidence that the pituitaiy shares importantly in the initiation and 
in the termination of the maternal response. We regard the precipitation of the 
parental response by an operation involving pituitary removal as unacceptable 
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evidence that the pituitary is not causally involved in the development and ex- 
liibition of parental behavior. Hypophysectomy (even if done at birth) effects a 
functional castration of the rat but, as noted above, when the gonads are main- 
tained by injections of mare serum, h 3 '-poph 5 ’-sectomy fails to result in maternal 
behavior. In simple hypophj'-sectomy (and anesthesia) gonad depression 
probably begins at once although prolactin may tend to persist in the blood; 
prolactin injected subcutaneously in pigeons apparently disappears fiom the 
blood only after nearly three days (9). 

Special aspects of the maternal response. It is not easy to evaluate the hormonal 
factors which, apart from any conscious treatment whatsoever, may be involved 
in the production of about 22 per cent of “nonnal reactors” in our rat colony. 
Indeed, under much longer test (and ageing) another 15 to 20 per cent become 
reactors. This same phenomenon extends to other species, and sometimes to 
relatively immature individuals of the species. On this point we suggest that 
the historj'- of effective hormonal participation in the origin and regulation of ma- 
ternal drive in mammals may extend into the prenatal period. Basophilic cells of 
the mammalian pituitary produce gonadotropin long before birth, and the 
automatic (later) dosage of these embryos with the mother’s estrogen at or before 
birth may then cause a temporary repression of fetal gonadotropin, and in- 
directty of gonadal hormones, along vdth unequal degrees of “conditioning” for 
the maternal response in different indhdduals or litters. 

Some difficulty also attends any attempt to find a reason for the failure of 
response in 20 to 30 per cent of a group of rats which gave 70 to 80 per cent of 
positive responses under dosage mth one or another honnone. Our data show 
that, in a later test with a different highty effective hormone, the originall}'' re- 
fractive 20 to 30 per cent maj’- again yield 70 to 80 per cent of positive responses. 
Such obseivations justified the repeated injection, after a lO-daj’’ pei’iod of rest, of” 
anj^ non-responding rat excepting those that killed the proffered pups. Perhaps 
an ageing or developmental factor here determined the earlier failure and the later 
readiness to respond. A few rats that had failed during 10 daj'^s to respond to 
prolactin Avere injected immediately for another 10 daj’-s on a much higher level of 
dosage (60-100 units) Avithout making them maternal. 

Antigonad and related actions of the hormones injected. Much importance at- 
taches to the knoAA'n or alleged antigonad effects (upon or through either re- 
producth'-e cycle, gonads, or anterior pituitaiy) of those hormones Avlfich induced 
maternal behavior in the present tests. Our reidew of that A’^eiy extensive lit- 
erature is too lengthy to publish, and little besides a general statement is possible 
here. Prolactin causes a temporaiy suppression (2-4 Avks.) of estrous cycles of 
mice (5), and the same result in the rat was reported by Lakr and Riddle (8) who 
made the further significant obseivation that prolactin prolongs the life and ap- 
parent functioning of corpora lutea. Two recent studies confirm this latter re- 
sult and proAude more critical CAudence that prolactin promotes and maintains the 
function of the corpus luteum (1, 7). 

Besides the information in the literature Ave have studied (smears, sections of 
ovar;^ testis, etc.) many of the rats used in these tests. Though facts from both 
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these sources are rather inadequate thej”- indicate that, in the dosages and animals 
used by us, most of the substances which evoked maternal behavior plainly 
showed antigonad action. However, for LH particularly (thyroxine, possibly) 
the term “antigohad” seems inapplicable although it too had a tendency to arrest 
cycles. There is definite evidence that most of the effective hormones modify 
pituitary activity, that prolactin promotes the production of progesterone, and a 
probability that some of the effective hormones other than prolactin cause an 
increased output of prolactin by the pituitaiy. Estrone, vdth ability to evoke 
the response only after cessation of dosage, maj’- have a special type of antigonad 
action, but it probably modified the output of both gonadotropin and prolactin. 

Noble, Kumpff and Billings (14) made significant observations on the ability 
of corpus luteum hormone and prolactin (also phenol) to induce broodiness in 
noimal and castrate Jewel fish. Both hoimones were highlj'- effective in fish that 
had previously brooded, and slightly effective in those that had only previous 
spawning expei’ience, but were wholty ineffective in those that had neither 
spawned nor brooded. 

Richter (15) has shown that an increase in the nest-building activities of hy- 
pophysectomized or thyroidectomized rats is there connected with the maintenance 
of bodj'- temperature. In published comment on a statement by Riddle (18) con- 
cerning a part of the present data Richter considered it probable that in our tests 
the proffered pups were treated as nest-building material, and that the retrieving 
thus observed is unrelated to the trae maternal drive. In general, Richter sug- 
gested that our various effective ti’eatments and operations lowered bod}’’ tem- 
peratures in the treated rats and that their subsequent behavior is not maternal 
behavior but only a part of the heat regulating mechanism. This criticism 
requires consideration. In our first reported tests (20), conducted at lower tem- 
'peratures than later, we could distinguish two types of “nest-building” one of 
which seemed uni'elated to the maternal state and the care of young. Later 
tests avoided low temperatures although some fluctuations were unavoidable. 
All nest-building was much less frequent in these later tests; and nest-building, as 
ahead}’’ noted, is wholly disregarded in all decisions concerning the maternal or 
non-maternal state of our rats. 

As earlier noted it is probable that the temperature factor sometimes has a 
share in precipitating a change from mating drive to maternal drive ; and clearly 
tills might involve, and result from, either a direct antigonad action of extremes 
of body temperature, or from an indirect effect of temperature upon the output of 
various pituitary hormones (FSH-f-, LH, prolactin). Our study nevertheless 
provides definite evidence that neither an abnormal environmental nor body tem- 
perature is an essential in the production of the behavior which is here called 
“maternal.” All of the substances tested ivere used during periods of highest 
summer heat and at seasons of lower external temperatures, and the typical 
response to the substances was both initiated and maintained irrespective of 
season and of a warm or cold room. Again, although hypophysectomy and 
thyroidectomy must have reduced the heat production and body temperature of 
all rats thus operated, only some of them became maternal, and many or most of 
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the resistant ones could be made maternal by prolactin which probably increased 
their heat production. In unoperated rats prolactin had no significant effect on 
body temperature in an average of 50 measurements made on 14 rats (99.2 F.) 
and 24 concurrent measurements made in 8 uninjected controls (98.9 F.). 
Jlypophysectomy , though it doubtless produced lower body temperature whether 
uninjected oi’ injected with mai’e senim, does not precipitate maternal behavior 
when the latter substance is used to prevent an incidental atrophy of the ovary. 
Again, it can not be assumed that our thyroxine administrations reduced heat 
production in normal and castrate rats which they made maternal and on whom a 
concurrent loss of body weight was obseived. 

It was repeatedly shown that rats made maternal by these tests would re 
trieve and cuddle not only young rats but other jmung. The motion picture film 
made and exhibited by us at various scientific meetings showed a virgin rat re- 
trieve in succession all of the following offerings: 5 young mice, 4 newly hatched 
pigeon squabs, 5 young rats. In a few special tests the retrieving and care of 
young following prolactin was observed to continue for more than two months 
after the last injection. 

Discussion. Of the various theories hitherto proposed concerning the 
mechanism of activation of sexual and maternal instinct, Lashlej’-’s (10) recent 
reidew rather clearly indicates that, despite absence of direct evidence, the 
effective hormones act upon the central nervous system to increase the excita- 
bility of the sensorimotor mechanism specifically involved in the instinctive 
activity. Many parallel instances of a resti'icted action of drugs upon localized 
neural structures (strychnine) and upon psj^chological functions (mescal) are, 
however, well known. The results of the present study permit the idew that in 
the rat more than one hormone may be capable (though one only maj’’ normallj’- 
function) of stimulating this specific sensorimotor mechanism, and that bj”- chance 
a drug (phenol) has been observed to have either a similar selective stimulating 
action or ability to increase the output of an effective hormone. 

Details of this subject need not obscure its broader aspects. Behavior is a 
child of growth, as is bodily form; and in higher animals growth is the offspring of 
genes and of honnones. The laying down of stmcture adequate for behavioral 
(nervous) mechanisms is an organismal process conducted in a field where both 
hormonal and neural regulation concurrentlj’' function. Constitution thus 
provides not only for simple reflexes but for innate unlearned behaidor. The es- 
sential role of hoimones in recurrent instinctive sexual and maternal behavior is 
what may be expected from the predominant role of hormones in the regulation of 
in-e^ilarly rhythmic processes generally. Again, from the standpoint of basic 
similarities of constitution in the two sexes it is far from surprising that a neural 
mechanism for sexual and for maternal behaidor exists in both sexes. 

It is well recognized that the mating drive is aroused— more directly— by the 
sex hormones. In the normal animal tliis means the concurrent production of 
gonadotropin and sex hoimone. The genetic relationships and differences be- 
tween mating drive and maternal drive are brought into clearer relief by the 
present study (fig. 2); notable, however, is the earlier observation (16) that birds 
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which probably never developed any trace of a gonad exhibited pronounced 
mating and broody behavior. Perhaps the adrenals produced significant 
amounts of sex hormones in these latter cases and in many castrates also. In 
both of these drives it is of course the last hormone of the series that is of very 
special significance. It was elsewhere noted (17) that of the organism’s total 
equipment of drives or instincts it is the maternal drive which appears latest in 
the life histoiy. This drive would seem to have no significance apart from adult 
life, or indeed until after pregnancy (mammals) or egg production (other verte- 
brates). With recurring pregnancies it should and normally does recur. Ma- 
ternal drive normally disappears in the mating intervals; and the data presented 
here indicate that an increase of the homologous sex hormone (estrone or testo- 
sterone) — resulting from an increase of pituitaiy gonadotropin — ^beside pro- 
moting mating behavior definitely inhibits or terminates the maternal drive. 

ORDER OF HORMONE ACTION IN: 


GONADOTROPHIN- 


GONADOTROPHIN 


(a) Mating Drive 
ESTROGEN 

OR 

ANDROGEN 

(b) Moternal Drive 


ESTROGEN- 

OR 

ANDROGEN- 


►PROGESTERONE- 


- PROLACTIN OR ? 


Fig. 2. Relationships and differences between hormonal induction of mating drive and 
maternal drive. 


’The normal sequence of nearly contemporary hormonal activity (i.e., apart from 
early developmental influence) which accompanies either a first or a later ex- 
hibition of maternal drive in rats thus both begins and ends with a pituitary 
hormone. These two hormones — gonadotropin and prolactin — have, however, 
very unlike properties and functions; broadly, the one is related to building egg 
and speim, the other to feeding and care of young. 

It is obvious that a study such as is presented in the preceding pages could not 
have been conducted prior to the time when the several all-essential hormones 
became available in sufficiently pure form. That time, if it has indeed arrived, 
was essentially coincident with this study. Because of inter- and contra-actions 
among the so-called “target” hormones and the pituitary hormones the anabasis 
and interpretation of the results obtained in this prolonged study involves much 
that is now only partly knomi. Perhaps several, or even all, of the effective sub- 
stances have in common the ability to increase the output of one or another 
“key” hoimone — the latter (e.g., prolactin, progesterone, desoxycorticosterone, 
or a now unknown substance) being more directly concerned in initiating the 
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maternal drive. The time for a satisfactory appraisal of the various possibilities 
spreads into the future. 

Though the above statement seems necessary to an interpretation of our ex- 
perimental results it must not be overlooked that recurrent maternal behavior in 
the reproducing animal (which the rats in our tests were not) probably depends 
upon only such hormone or hormones as ai’e in fact released in increased amounts 
at the right time in each reproductive cycle; and, whatever is thus released prob- 
ably must also depress or restrain sex hormone production by the gonad, and then 
do stiU something else that is auxiliary or necessar}^ Extremel}’- few hormones 
now appear to fulfill these three requirements. In many mammals testosterone, 
progesterone and LH activities would seem to be on the wane at the usual onset 
of the maternal drive, and there is something incongmous in regarding pure LH 
as “antigonad.” Nothing is known about a cyclic production of desoxycortico- 
sterone and intermedin, and a suitable cj’-cle for either seems improbable. Pro- 
lactin seems in best fit, and it has been proved effective in all species and sex types 
hitherto tested — fish, doves, fowl and rats. 

SUMMARY AND CONCLUSIONS 

More than 2900 tests were made with 19 different honuones or hormonal 
preparations to determine the role of hormones in the exliibition of unlearned ma- 
ternal behavior in rats. 

Intact rats aged 60 to 70 da 3 '^s were tested especially for retrieving and cuddling 
responses daily for 10 days, and about 22 per cent of “normal reactors” were thus 
separated from the non-reactor rats thereafter subjected to hormonal injection 
for 10 days with daily records of behavior extending over a further lO-da}'' period. 
All hoimones were tested on males and females and on castrates of both sexes. 

In responding rats whose mammaries had been developed with estrone during 
20 da 3 ’-s the validit 3 '- of the criteria of response was attested b 3 '' the ability of these 
rats actually to feed and rear young. 

The maternal drive was initiated in large or in significant numbers of rats of all 
sex t 3 ’^pes during injection (or pellet implantation) vdth various hormones — pro- 
lactin, progesterone, desoxycorticosterone, inteimedin, LH, phenol and th 3 ’'- 
roxine ; testosterone failed only in normal males. The drive was not activated by 
injection with FSH, “growth” hormone, adrenotropin. Prolan, pregnant mare 
serum, parathyroid extract nor b 3 ’- a special extract of th 3 U’oid tissue. 

IMost but possibl 3 ’^’ not all of the effective substances rather clearl 3 '- exerted an 
antigonad action on the intact rats; the term, antigonad, seems inapplicable to 
LH although it too had a tendenc 3 ’- to arrest estrous cycles. Castration alone 
slightly increased the number of “normal reactors,” and also increased the 
effectiveness of all substances capable of exciting the maternal response. 

Intact males were as likely as intact females to be “normal reactors,” but non- 
reacting males were more resistant than (the slightly smaller) females to the 
niaternalizing action of all the effective hoimones. 

Pregnant mare seram, PSH-f and estrone all had much or appreciable ability 
to teiminate well-established maternal behavior in most sex types. These sub- 
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stances do not exert this action in rats deprived of their hypoph 3 '-ses, but thej”- are 
effective in the absence of the thyroid. 

H 3 ’’poph 5 ''sectoniy alone precipitates maternal behavior in approximately 50 
per cent of othermse intact rats, but not if a decrease of the ovarian function is 
prevented by injections of pregnant mare serum. Non-reactors following hy- 
pophj'-sectomy can, in most cases, be made maternal with either prolactin or 
progesterone. 

In male rats thj'-roidectomj’- alone excites maternal behavior in about 25 per 
cent of such tests. Male rats not made maternal b}’’ this operation seem there- 
after more resistant than normal x-ats to the positive action of prolactin, pro- 
gesterone and LH. 

The degree of purity or contamination of the various pituitary preparations 
used was ascertained. Progressively larger doses of prolactin — 6, 18 and 30 
units — progi-essively increased the pei'centage of rats of all sex types made ma- 
ternal by treatment. 

Recurrent maternal behavior in the reproducing animal (which the rats in 
these tests were not) probabty does not depend upon the several hormones here 
found to be direct^ or verj'^ indirectly active, but upon that one of the group 
which a, is released in increased amount at the right time; b, exerts an antigonad 
action, and c, then directlj'- or indix'ectlj'’ increases the excitability of the sensori- 
motor mechanism specificallj'’ involved in this instinctive behavior. Though 
present information is inadequate the hormone which apparentlj’- best fits these 
requirements is prolactin. 

Genetic relationships and differences between mating diive and maternal drive 
seem clearer in the light of results of this studJ^ The mating drive, or perhaps 
merely an unexpressed basis for that drive, is apparently an intimate or necessary 
precursor of the maternal diive. It thus appears that the maternal drive is re- 
moteb’’ conditioned by the pituitaiy hoimones (gonadotropins) wliich govei’n the 
building of egg, sperm and sex accessoiies, and is probably precipitated and regu- 
lated bj’’ another pituitary hormone (pi’olactin) whose actions relate bi’oadly to 
the feeding and cai-e of young. 
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Numerous investigators have reported on changes in heart rate, blood pres- 
sures, blood sugar, blood lactate, ventilation and oxygen consumption during 
and following exercise of various kinds, intensity and duration. The typical 
physiologic responses of normal males to mild, moderate and strenuous exercise 
have been fairly well established (1-16). Similar observations on young women 
may be found scattered through the literature (16-27). The physiologic 
responses of women to exercise are, as might be expected, similar in nature to 
those reported for young men. At present, however, the literature does not 
yield sufficient comparable data on the two sexes to permit genei-alizations as 
to how such responses differ in degree for work of a given intensity. 

It is the purpose of this paper to. present and compare data relative to ventila- 
tion, oxygen consumption, R.Q., blood lactate, blood sugar, pulse rates and 
blood pressures for healthy young women and men during and following non- 
exliausting and exhausting work performed under identical conditions. Since 
certain of these variables are related to physical fitness for exertion (13, 14) 
such data should be useful in attempting to evaluate the relative fitness of men 
and women for this tj'^pe of work. 

Subjects. The seventeen women used in these experiments were graduate 
students in hygiene and ph 3 ''sical education between the ages of twenty and 
twenty-seven. They do not represent a random sample of young women, since 
thej'- are selected as to health and probably engage in more physical activity 
than the average 3 '’oung women in this age range. They should not, however, 
be considered athletes in a trained state. 

The thirty men subjects were between the ages of nineteen and twenty- 
three. The 3 ’- were drawn from the 250 cases which comprised at the time the 
Grant Study at Harvard University. None were athletes in training. Ten 
cases were chosen at random from those designated as “good,” ten from “aver- 
age” and ten from the “poor” classification. The basis of classification has 
been described and certain data for these same individuals presented elsewhere 
(13, 14). 

Pkocedure. The moderate exercise, referred to as “the walk,” was walking 
at 3.5 miles per hour on an 8.6 per cent grade for fifteen minutes on a motor 
driven treadmill. The strenuous exercise, referred to as “the run,” was running 
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at 7 miles per hour on the same grade for five minutes or until unable to con- 
tinue. Only nine subjects, all men, were able to continue this work for five 
minutes. Heart rates were measured continuously from the beginning to the 
end of the experiment with a recording Guillemin cardiotachometer, as de- 
scribed by Cotton and Dill (30). Blood pressures were obtained \vith sphyg- 
momanometer and stethoscope. Blood sugar was measured on a sample of 
capillary blood by the method described by Edwards (28). Ventilation and 
oxygen consumption were determined by the open-circuit gasometer method. 

No data on women were collected during the subject’s menstrual period, 
the week preceding or the three days following the period. 

The women subjects arrived at the laboratory six hours after breakfast, 
with no lunch. The typical experiment proceeded as follmvs: 


l;30-2-.00 

2:00-2:15 

2:15-2:25 

2:25-2:40 


2:40-2:50 

2:50-2:55 

2:55-3:10 


Bed rest 

Resting ventilation and oxygen consumption measured 
Sitting and standing heart rate and blood pressures measured 
Subject walked on treadmill 
2:34-2:39 expired air collected in Tissot spirometer 
2:35 blood samples from finger for sugar and lactate analyses 
Subject seated beside treadmill 
2:41, 2:43, 2:45, 2:47, 2:49 blood pressure taken 
Subject ran on treadmill for five minutes or until unable to continue. Ex- 
pired air collected for each half minute 
Recovery from run, subject seated beside treadmill 
2:56, 2:58, 3:00, 3:03, 3:05, 3:13, blood pressures taken 
3:00, 3:05, blood sample taken for sugar and lactate analyses 


The experiments on men differed only in that they were performed at various 
times during the day, and the bed rest and measures of ventilation, oxygen 
consumption, heart rate and blood pressures at rest were omitted. 

The “Recovery Index” (13) and the “Work Index” (14), designed to measure 
physical fitness for exertion, were computed for each subject as follows: 

Recovery Index — Walk 


300 

recovery pulse rates (30“ to 90”) + (2' to 3') -f (6' to 6') ^ 

Recover}’- Index— Run 

Duration of run in seconds 

recover}^ pulse rates (30“ to 90") + (2' to 3') -f (5' to 6') ^ 

Work Index — Walk 

150 (maximum pulse rate + maximum lactate concentration) 

Work Index— Run 

Duration of run in seconds (maximum pulse rate -f maximum lactate 

concentration) 

For each index the higher scores represent greater fitness for exertion. The 
derivation of these indices is described in the references cited. 
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TABLE 1 


Means and extremes of values for selected physiologic variables for 17 women and SO men 
performing moderate and stremious exercise 



MEAKS 

EXTREMES 

Women 

Men 

Women 

Men 

Walk (3.5 m.p.h. on 8.6 per 







cent grade for 15 min.) 







Ventilation, cc./min./kgm. . 

610 

552 

467 

831 

421 

748 

O 2 consumed, cc./min./kgm. 







(9-14 min.) 

27.8 


25.3 

30.2 

24.5 

38.3 

R.Q. — maximum 

0.91 


0.84 

0.99 

0.56 

0.97 

Blood lactate , mgm . per cent 

40 


26 

58 

9 

38 

Blood sugar, mgm. per cent 

115 

112 

88 

141 

89 

131 

Pulse rate — 1 min 

152 

140 

134 

177 

112 

162 

Pulse rate — 3 min 

168 1 

143 

150 

190 

115 

168 

Pulse rate — maximum 

179 


156 

200 

120 

i72 

Recovery pulse — 1 min 

139 


111 

172 

85 

162 

Recovery pulse — 21 min.. . . 

123 

BH 

93 

141 

82 

135 

Recovery pulse — 5 min 

112 


82 

143 

75 

124 

Systolic pressure — 1 min.. . . 

148 

148 

130 

160 

122 

176 

Diastolic pressure — 1 min.. . 

84 

74 

76 

98 

60 

90 

Recovery Index 

81 

96 

67 

101 

75 

120 

Work Index 

-69 

-22 

-106 

-36 

-59 

14 

Run (7 m.p.h. on 8.6 per cent 







grade until exhausted) 






300 

Duration (sec.) 

108 

216 

70 

186 

105 

Ventilation, cc./min./kgm. 






1400 

(max.) 

975 

1112 

716 

1220 

690 

O 2 consumed, cc./min./kgm. 






60.5 

(max.) 

40.9 

51.3 

29.6 

47.5 

30.5 

R.Q. — maximum 

1.06 

1.14 

0.72 

1.30 

0.81 

1.45 

Blood lactate, mgm. per 






178 

cent (max.) 

112 

119 

69 

144 

68 

Blood sugar, mgm. per 






194 

cent (max.) 

156 

144 

113 

235 

114 

Pulse rate — 1 min 

188 

177 

170 

202 

157 

192 

Pulse rate — maximum 

197 

194 

181 

206 

178 

210 

Recovery pulse — 1 min 

163 

158 

145 

180 

128 

180 

Recovery pulse — 2J min.. . . 

132 

124 

111 

151 

102 

148 

Recovery pulse — 5 min 

116 

114 

105 

137 

95 

136 

Sj’^stolic pressure — 1 min.. . . 

163 

181 

140 

190 

140 

212 

Diastolic pressure — 1 min... 

88 

77 

78 

108 

48 

96 

Recovery Index 

26 

65 

16 

40 

28 

92 

Work Index 

-201 

-95 

-266 

-132 

-208 

50 


The data. The means and extremes for the data obtained for the seventeen 
women and thirt 3 '^ men are shovm in table 1. 

A. During and following the walk. Non-exhausting exercise in which all 
subjects performed the same amount of woi*k per kUogram bodj”" weight for 
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the same length of time, and in which all subjects reached an approximately 

steady state within the first five or six minutes. 

1. There is no marked difference between the men and women m ventilation, 

oxj'^gen consumption, R.Q. or blood sugar. 

2. The women show a more rapid increase in heart rate and reach a lugher 
rpaviT mim , although oxygen consumption in cc./min./kgm. is roughly equiva- 
lent for the two groups. 

3. The rates of recovery for heart rate are approximately the same, although 
the women must recover from a higher maximum level. 

4. The lactate concentration is higher for the women, suggesting a greater 
degree of fatigue resulting from the same amount of nbn-exhausting work. 

5. Systofic pressures are the same, but diastofic pressure following the walk 
is greater for the women. (In interpreting the results of these experiments no 
great significance may be attached to differences in observed blood pressures. 
It is difficult to obtain accurate readings of blood pressure immediately follow- 
ing exertion; the conditions in the laboratory increased this difficulty; and 
different observers took the measurements on the two groups. The pressures 
change very rapidly during the recovery period and a difference of a few seconds 
in time elapsing before obtaining the measurement may have a marked effect 
on the reading.) 

6. Both indices of fitness are lower for the women. 

B. During and following the run. Exhausting exercise in which the amount 
of work per kilogram body weight per second was the same for all subjects, 
but the duration of the work was deteimined by the ability of the subject to 
continue. No subject achieved a steady state at this level of activity. . 

1. The average duration of the run for the women is only half that for the 
men, so that the women performed only half as much work before becoming 
exhausted. 

2. The maximum pulse rate is approximately equal for the tivo groups, but 
the women reach this maximum more quiekl 3 ^ The rates of recovery are 
about the same. 


3. The niaximum lactate concentration is approximatelj'- the same for both 
gi’oups, indicating that both were equally fatigued, although the women ran 
onl}’- half as long. 

4. The men have a higher R.Q., and greater maximum ventilation and oxjmen 

consumption m cc./kgm./min., although maximum heart rates are about 
the same. 

5. The women show a higher blood sugar level after the run. 

^ 6. Systolic pressure is lower and diastolic pressure higher for the women 
immediately after the run. (See note under A-5 above.) 

physical conffition are lower for the women than for the 
men. This difference is greater for the run than for the walk. 

grtpt considerable overlap in the ranges for the two 

The extensive overlap between the men’s and women’s data and the diffi- 
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culty of comparing data from the run, in wMch the women performed only half 
as much work as the men, suggested a second type of comparison. Using a 
composite of the four indices of fitness for exertion, the eight “best” women 

TABLE 2 


Means and extremes of values for selected -physiologic variables for 8 “best” women 
and 10 “poor" men performing moderate and strenuous exercise 



MEANS 

EXTREMES 

Women 

Men 

Women 

Men 

Walk 







Ventilation, cc./kgm./min. 

544 

574 

467 

623 

462 

748 

O 2 consumed, cc./kgm./min. 

27.3 

29.9 

25.3 

30.0 

24.6 

38.3 

R.Q. (max.) 

0.90 

0.S5 

0.87 

0.91 

0.56 0.97 

Blood lactate, mgm. per cent 

34 

25 

26 

53 

19 

37 

Blood sugar, mgm. per cent 

114 

110 

102 

135 

89 

126 

Pulse rate — 1 min 

148 

149 

136 

164 

116 

162 

Pulse rate — 3 min 

165 

151 

150 

183 

122 

168 

Pulse rate — ^maximum 

172 

159 

161 

183 

130 

172 

Recovery pulse — 1 min 

130 

128 

111 

154 

105 

162 

Recovery pulse — 2^ min. . . . 

116 

117 

93 

141 

96 

135 

Recovery pulse — 5 min 

104 

107 

82 

132 

95 

124 

Systolic pressure — 1 min. . . . 

149 

149 

130 

160 

138 

168 

Diastolic pressure — 1 min. . . 

S3 

72 

76 

99 

60 

88 

Recovery Index 

86 

87 

71 

101 

75 

102 

Work Index 

— 56 

-34 

-83 

-45 

— 59 

6 

Run 







Duration (sec.) 

133 

138 

87 

186 

105 

175 

Ventilation, cc./kgm./min. 







(max.) 

1000 

1055 

716 

1220 

756 

1400 

Max. O 2 consumed, cc./ 







kgm./min. (max.) 

41.6 

48.7 

36.5 

47.5 

36.2 

57.9 

R.Q. — (max.) 

1.13 

1.10 

0.91 

1.30 

0.81 

1.45 

Blood lactate, mgm. per cent 

112 

113 

69 

144 

83 

153 

Blood sugar, mgm. per cent 

155 

138 

131 

200 

114 

194 

Pulse rate — 1 min 

184 

180 

170 

194 

165 

192 

Maximum pulse rate 

194 

194 

181 

202 

187 

205 

Recovery pulse — 1 min 

164 

159 

150 

ISO 

140 

170 

Recovery pulse — 2^ min. . . . 

131 

123 

117 

151 

102 

136 

Recovery pulse — 5 min 

115 

113 

105 

137 

96 

130 

Systolic pressure — 1 min. . . . 

166 

183 

140 

190 

168 

210 

Diastolic pressure — 1 min. . . 

88 

83 

78 

98 

66 

96 

Recovery Index 

32 

35 

22 

40 

28 

42 

Work Index 

-174 

-169 

-132 

-197 

-143 

-208 


were selected, for the pm-pose of comparing them mth the ten men classified 
as “poor.” The means and extremes for these two groups are shown in table 2. 

It may be observed that for these two groups doing the same amount of work 
per kilogram of body weight the physiologic responses are veiy similar. Dunng 
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and follomng tbe walk, in which neither group is pushed to maximal exertion 
and both attain a steady state, it is noteworthy that: 

1. The blood lactate is shghtly higher for the women. 

2. The maximum pulse rate is higher for the women, but their recovery is 
prompt, so that recovery pulse rates at one minute, 2| minutes, and 5 minutes 
are equivalent for the two groups.- 

3. The “Work Index” is slightly lower for the women because of the higher 
lactate concentration and pulse rate. This suggests that these women are 
less fit than the men for long-continued sub-maximal work. In other words, 
this work is more strenuous for the women than it is for the men. 

In the run, which is sufficiently strenuous to exhaust both groups in about 
two minutes, and in which both are pushed to then- maximum level, these differ- 
ences disappear. The only differences are: 

1. Oxygen consumption in cc./min./kgm. is lower for the women, indicating 
a slightly higher mechanical efficiency in the performance of the work. 

2. Blood sugar is slightly higher for the women. 

Discussion. Among the physiologic responses to exercise which differ- 
entiate the trained from the untrained (1-10) may be listed: 

1. More economical ventilation during exertion 

2. Ability to attain a greater maximum ventilation 

3. Greater mechanical efficiency as measured in terms of lower oxygen 

consumption for a given amount of external work 

4. Ability to attain a greater maximum oxygen consumption 

5. Lower gross R.Q. during exercise 

6. Lower blood lactate for a given amount of exercise 

7. Abihty to push self to a higher lactate before exhaustion 

8. Less increase in pulse rate for sub-maximal exertion 

9. Quicker recovery in pulse rate following activity 


An examination of the data for the thu-ty men and seventeen women pre- 
sented in table 1 shows these same differences existing between the men and 
the women. For the walk, in which all subjects did the same amount of ex- 
ternal work per kgm. body weight, the men exhibit lower ventilation in 
cc./min./kgm.; their blood lactate is lower; and their pulse rate is lower, the 
ma^mium rate reached being equal to that attained by the women after only 
1 minute of walking. The data indicate throughout that this exertion is more 
strenuous for the women than it is for the men, even though both are able to 
achieve a steady state. Stated differently^ the men are in better physical 
condition for this sub-maximal type of exertion and the level at which they 
reach a steady state is somewhat lower. This is shoivn also by the differences 
m the Recovery Index and the Work Index. 


Comparisons of data for the run are made difficult because the men per- 
formed on the average twice as much work as the women. The data should 
yneld some explanation of why the men were able to continue tvdce as long 
before exhaustion. It may be seen that they were able to reach a greater ventila^ 
tion, higher R.Q., and markedly greater maximum oxygen consCtiorand 
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were therefore able to carry on for a longer time. In so far as blood lactate 
serves as a measure of fatigue, there is little evidence that the men pushed 
themselves nearer to exliaustion, since the blood lactates are roughly equiva- 
lent, but the men ran tvuce as long before reaching their maximal lactate. 
The means and extremes for maximum heart rate are almost identical, but the 
women reached this maximum in half as much time. This more rapid increase 
is shown in the difference in rate at 1 minute. Again it is evident that this 
exertion is more strenuous for the women than for the men, taxing all the body 
systems to their limits in a much shorter time. That the women are less fit 
for this exhausting exercise is also shown b}'’ the great differences in the Re- 
covery Index and the Work Index. 

The analysis of the means of the data for the seventeen women and thirty 
men prompts the generalization that women, as a group, are the “weaker 
sex,” being less fit than men for both moderate and strenuous exertion and 
exhibiting less endurance for this type of acthdty. 

From the comparisons in table 2 wliich shows data for the eight “best” 
women and the ten poorest men, it may be seen, however, that such a generaliza- 
tion may be made only about the average performances of the two groups, for 
the responses of the eight “best” women closely approximate those of the 
ten “poor” men. 

In running uplull at a rate which does not permit the attainment of a steady 
state by any of these subjects, the eight “best” women and the ten “poorest” 
men are exliausted in the same amount of time. The women equal the men 
in maximum ventilation, oxygen consumption, R.Q., blood lactate, increase 
in pulse rate, maximum pulse rate, rate of recovery and S3’’stolic and diastolic 
blood pressures. The women have a higher blood sugar after the run. This 
may be due to excitement, or it may be a chance difference. In short, there 
is nothing to indicate that these eight women are in any way less fit than these 
ten men for short bouts of exhausting exertion. This is shovm also by the 
similarity of the Recovery Index and the Work Index for the two groups. 

In the longer continued but less exhausting activity of walking uphill, the 
differences are somewhat greater for the eight “best” women and the ten 
“poorest” men. For the women, pulse rate accelerates more rapidly, and 
reaches a higher maximum, but recovery during the first minute is also more 
rapid. This suggests that even these “best” women found this long-continued 
moderate exertion more strenuous than did the ten “poor” men. This is further 
shown by the higher blood lactate, which indicates that thej'" were more fa- 
tigued. There is no difference in the Recovery Index for the two groups, but 
the Work Index shows that even the best women are shghtly less fit for long- 
continued submaximal exertion than are the poorest group of men. 

Since the walk and the run represent two quite different levels of activity, 
the statements: a, the groups of eight women and ten men are equally fit for 
short bouts of exhausting activity; and &, the women as a group are slightly 
less fit for long-continued activity, are not necessarily contradictory. They 
do, however, raise the question as to why this difference exists. In the run the 
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limiting factors are piimarily circulatory and respiratory. In the walk, the 
subjects reached a steady state, in winch the circulatory and respiratory_ sp- 
tems adjusted to the demands made upon them, hut the duration of the activity 
is such that muscular fatigue becomes a factor. It is possible that differences 
in muscle strength relative to body weight may provide a partial explanation 
of why the women were more fatigued than the men by this continued exer- 
tion. Data on this point are not available for the present group of subjects. 

On the basis of the data presented, it is interesting to speculate on the dis- 
tribution of physical fitness for exertion in the total population. It is obAdous 
from the data on the Recovery Index and Work Index presented in tables 1 
and 2 that there is no clear-cut division between men and women in physical 
fitness for these two types of exertion. Some of the best women exceed in 
fitness the poorest men, and for the best half of the wmmen studied and the 
poorest tim’d of the men the overlap is complete. Thus, it is obmous that in 
the total population, including both sexes, physical fitness for exertion must 
be considered a continuous variable, although the distribution is not neces- 
sarily normal in form. In this distribution it is evident that the women are 
more numerous in the “poor” end of the distribution, while the men preponder- 
ate at the “good” end, but in the middle of the range the sexes overlap. 

It may be pointed out that the subjects of the present experiment do not 
represent extremes of fitness. The classifications “good,” “average,” and 
“poor” are only relative. As has been shown by Johnson and Brouha (13, 14), 
athletes in training exceed in fitness the “good” men in the present group. 
The same is probably true for women. As has been stated, the women sub- 
jects were selected as to health and amount of daily activity. There are, no 
doubt, many healthy young Avomen of this age who AAmuld make poorer records 
than the poorest reported here. Similarly, healthy young men haA’e been found 
who are less fit than the “poor” members of this selected college group. Lack- 
ing data on these extremes of performance it is not possible to set the l imi ts 
of overlap in performance for the two sexes, but it seems probable that it is 
very great. 




1. Seventeen Avomen and thirty men walked fifteen minutes at 3.5 miles pei 
hour and ran for five minutes or until exhausted at 7 miles per hour on a motoi 
driven treadmill AAdth a grade of 8.6 per cent. 

2 Records of heart rate, blood pressure, ventilation, oxygen consumption 
R.ti., blood sugar, and blood lactate A\-ere obtained. 

3. Means and extremes for the data are compared for the tAvo groups 
• , f fferences between the averages for the men and women are similai 

m nature to those between the trained and the untrained 

st.Lt: tSot 

extremes for the data on the eight “best” women and the ter 
pooiest men are also compared. 
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7. The eight “best” women equalled in every respect the performance of 
the ten “poor” men in the strenuous exhausting exercise. They showed shghtly 
greater fatigue as a result of fifteen minutes of non-exhausting exercise in which 
a steady state was reached and maintained. 
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We have previously reported that the rate of utilization of oxygen by the 
brain of the newborn of various species is less than that of the adult (1, 2, 3). 
The production of energy by anaerobic processes is also slower in the infant (4). 
In the present experiments a study was made of the activities of some enzj'^me 
systems of adult and infant rat brain. The cjriochrome oxidase sj'^stem was 
examined with the use of phenylenediamine and glucose dehydrogenase with 
methylene blue. In addition the cerebral metabolic rates of young and mature 
rats were compared when the temperature of the environment was altered and 
the potassium concentration of the suspending medium increased. Potassium 
was employed because, though it exerts little effect on most tissues, its influence 
on adult brain is profound; oxidations and aerobic glycolysis are increased while 
anaerobic glycolysis is diminished (5). 

Method. Cortical tissues of rats of various ages were minced and suspended 
in a Ringer’s solution buffered with phosphate at pH 7.4 and glucose as sub- 
strate. The effect of 0.1 M potassium chloride on the oxygen uptake of these 
tissues was measured in the Warburg respirometer. These obseiamtions in- 
cluded the respiratory quotient of the cortex and the oxygen utilization of the 
upper portion of the brain stem and medulla. The influence of potassium on 
the respiratory metabolism of excised cerebral cortex of depancreatized cats 
was also examined. The respiration of cerebral tissues of rats of various ages 
was estimated when these tissues were exposed to temperatures of 38°, 40°, 
and 45° both with and without the presence of 0.1 M potassium chloride. The 
metabolic rates of the adult and infant brain were compared in the presence of 
0.005 N paraphenylenediamine. The anaerobic dehydrogenation time of 
glucose was studied in Thunberg tubes evacuated of air noth 1 : 5,000 methylene 
blue as an indicator. 

Results. Figure 1 reveals the effect of potassium on the metabolic rate of 
both infant and adult brain. It maj’^ be seen that potassium stimulates markedly 
the aerobic metabolism of the adult rat cerebral cortex, but has only a small 
effect both absolutely and on a percentage basis on the infant brain. It should 
be obsmmd that the response to potassium increases from the time of birth and 
IS similar to that of the adult after 40 days of age. Upper brain stem and 
medulla are also susceptible to respiratory stimulation by potassium. The 

* Deceased November 23, 1940. 
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respiratory quotient of the cerebral cortex is 0.89 without and 0.91 with 0.1 M 
potassium chloride. In the presence of potassium the metabolism of the cerebral 
cortex of a depanci’eatized cat is also accelerated, the average oxygen utiliza- 
tion rising 53 per cent over a period of one hour. 

Increase of temperature is less effective in augmenting the metabolism of infant 
than of adult brain as seen in figure 2. The additive response to the combined 
actions of both potassium and temperature is observed only in the adult, per- 
haps because the changes in the infant are of such a small magnitude as to be 
within the experimental error. The average rate of acceleration of oxygen 
utilization in the presence of phenjdenediamine by the infant brain (average 
of 12 observ'^ations) is 18 per cent during the first 10 minutes and rises gradually 
to 73 per cent from the 50th to the 60th minute. This is in contrast to the 
effects on the respiratoiy metabolism of the adult brain (average of 12 observa 


EFFECT OF AGE ON K+ STIMULATION 



temperature and k'^effect on 

ADULT AND INFANT , 



O 10 30 60 so 


TIME IN MINUTES 


Fig. I Fig. 2 

Fig. 1. Represents the response of cerebral cortex of rats of various ages to potassium. 
Each point on the curve is the average of at least 10 observations. 

Fig. 2. Illustrates oxygen consumption in cubic millimeters per 100 mgm. wet weight 
of adult and infant brain. Each point represents the average, of 5 observations. 


tions) which is increased 124 per cent in the first 10 minutes. This effect di- 
minishes rapidlj’- so that in the last 10 minutes of the hour the increase over the 
control is only 38 per cent. The average decolorization time of methylene blue 
is 22.3 minutes for 22 adults and 35.4 minutes for 25 infants. 

Discussion. The present investigation explores the relative rates of activity 
of some enzymatic S 3 ’-stems of infant and adult brain in order to determine the 
undertying mechanisms for their metabolic differences. In the first place the 
results present additional evidence that the metabolism of the adult and infant 
brain are quantitative^’- different. Tliis is revealed by the smaller oxygen con- 
sumption of the infant cerebral tissues. The longer sustained rise Avith 
phenylenediamine indicates a slower utilization of this substrate by the infant 
brain. This result may be ascribed to a lesser activit}’- of the cytochrome oxidase 
S 3 ’-stem in the newborn. The initial stimulation and subsequent depression of 
adult brain with paraphenylenediamine has been previously noted by Quastel 
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and Wheatley (6). The observations with methylene bine reveal that the glu- 
cose dehydrogenation is slower in the young. The diminished response of these 
enzjmie systems to stimulation may help to explain in part the lower metabohc 

rate of the infant brain. . ^ ^ i x- 

An analysis of the differential response of adult and mfant cerebral tissue to 

potassium must take into account the suggestion that growing tissues contain 
an increased potassium concentration (7). This might tend to diminish the 
influence of added potassium. If one accepts Dixon’s point of view (8), potas- 
sium increases the permeability of nervous tissues, then access of substrates to 
respiratory enzymes is facilitated by potassium. With smaller concentrations 
of enzymes in the infant brain the effect of potassium wmuld be proportionally 
reduced. The stimulatory effect of potassium probably increases the carbo- 
hydrate oxidation since aU parts of the brain oxidize carbohydrate (9, 10). The 
augmented utihzation of oxygen by diabetic cerebral tissue may also be ascribed 
to carbohydrate oxidation because the brain does not require insulin for this 
process (11, 12). Finally, the study of the respiratory quotients which remain 
unchanged by potassium yield additional evidence that the increased respira- 
tion is at the expense of the usual cerebral substrates. 

The effect of rise of temperature is to increase metabolic rate. The diminished 
response of the infant brain to elevation of the environmental temperature there- 
fore is similar to the results with potassium. When a greater concentration of 
potassium is used at increased temperatures, the results are additive. An ex- 
amination of figure 2 reveals that the combined effects of 0.1 M potassium chloride 
and a rise in temperature from 38°C. to 42°C. produce an increase of oxj’-gen 
utihzation of 120 mm.® per 100 mgm. of adult cerebral tissue per hour. The 
sum of the two independent effects (0.1 M potassium chloride = 82 mm.® and 
increase of temperature 38°C. to 42°C. = 49 mm.®) is 131 mm.® The difference 
betw^een the two values, 11 mm.®, is within the experimental error. 

The observations made in the present investigation may be explained if the 
concentrations of enzymes are less in the new’^born than in the adult. Con- 
firmatoiy e\'idence of such a conception is found in the rapidly increasing protein 
concentration in the brain of the rat during the early neonatal life. It is knowm 
that metabolism varies with protein concentration. 


SUaiMARY 


The cerebral tissues of rats of various ages exhibit differences in the response 
to metabolic stimulants. The oxygen uptake of the infant brain is accelerated 
to a lesser degree by potassium, increases of temperature, paraphenylenediamine 
and the decolonzation time of methylene blue is delayed. The smaller response 
to potassium and increase of temperature in the young may be ascribed to a 
general effect on all enz 3 Tnes wflich are of lesser concentration in the new-born 
while the slower utihzation of paraphenylenediamine and the delayed decoloriza- 
tion time of methylene blue may be accounted for more specifically by smaller 
concentrations of cytochrome oxidase and glucose dehjtirogenase respectively 
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In a study of the response of a skeletal muscle to continuous tetanization of 
its motor nerve Luco and Rosenblueth (1939) found that if the stimulation 
(60 per sec.) was (continued sufficiently long, the period of neuromuscular 
fatigue was followed bj'- a slow but maintained rise of tension which might amount 
to 60 per cent of the maximal tension developed by the muscle. The initial 
contraction, the subsequent fatigue and the late rise of tension they referred 
to respectively as the first, fourth, and fifth stages of neuromuscular transmis- 
sion. Evidence was subsequent!}'- presented (Rosenblueth, Lissak and Lanari, 
1939) indicating that the 5th stage was associated with an increased abihty 
of the motor nerve fibers to produce acetylcholine. Since muscular weakness 
and ease of fatigue are among the most prominent s}’mptoms of adrenal cortical 
deficiency both in experimental animals and in man, it seemed worthwhile to 
investigate the possibility of a relationship e.xisting between the activity of the 
adrenal cortex and the development of the 5th stage. (The fact that the ad- 
renal medulla is not involved was established by the obseiwation of Rosenblueth 
and Luco (1939) that ligation of the adrenals at the beginning of the experiment 
does not affect the development of the 5th stage.) 

The experiments to be described in this paper were begun during a period which 
one of us (H. C. N.) spent as a guest in the Department of Physiology in the 
Harvard Medical School. They were continued after his return to Ann Arbor, 
in association first -vsith W. Y. T. and later -nith J. H. 

Method. All our experiments were performed upon anesthetized cats. The 
muscles studied were those attaching to the tendon of Achilles (gastrocnemius, 
plantaris, soleus). The leg was fixed by drills inserted into the tibia. The 
contractions of the muscles were recorded on a kymograph by attaching the 
tendon to a myographic lever of the type pre^dously described by Rosenblueth 
and Luco (1939).^ The muscles pull against one or more heavy rubber bands, 
the record indicating mainly changes in tension. Contraction is indicated by an 
upward excursion of the lever. 

Shielded silver electrodes were applied to the popliteal or sciatic nerve after 
section of the sciatic centrally. The nen'-e was stimulated at a frequency of 60 
per second by thyratron-regulated condenser discharges. Slightly super- 

maximal shocks were used. The electrode polarity was that which trial showed 
to be the more effective. 
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In the original series of experiments performed at Boston dial' was used as 
the anesthetic. After performing seven control expeiiments upon normal cats, 
eight similar experiments were carried out upon cats both of whose adrenal 
glands had been removed in a single stage operation 24 to 48 hours previously, 
the animals remaining untreated during this interval. In many of these latter 
experiments the difficulty was encountered that even though the animals ap- 
peared to be in excellent condition at the beginning of the experiments they 
failed to suiwive sufficiently long (3 hrs. or more) to permit the development of 
the 5th stage. In an effort to overcome this difficulty a large number of experi- 
ments were performed after returning to Ann Arbor in which the use of pento- 
barbital and urethane as anesthetic agents was compared with dial in both 
normal and adrenalectomized animals. These other anesthetics turned out to 
have no advantage over dial in this respect, though finally a sufficient number of 
animals sundved the requisite time to justify conclusions regarding the influence 
of the adrenal insufficiency upon the 5th stage. 


TABLE 1 


TYPE or EXPERIMENT AND NtJMBER OP 
EXPERIMENTS IN EACH GROUP 

1 

a\t:rage 

HEIGHT , 
OF INITIAE 
CONTRAC- 
TION 

1 

AVERAGE TIME 
REQUIRED FOR 
TENSION TO 
FALL TO 25 PER i 
CENT OF THAT i 
DEVELOPED 

IN INITIAL 
CONTRACTION 

AVERAGE TIME FROM 
INITIAL CONTRACTION TO 
BEGINNING OF 5TH STAGE 

AVERAGE 
HEIGHT 
OF STH 
STAGE IN 
PER CENT 
OF INITIAt 
CONTRAC- 
TION 


1 mnt. 

min. 

1 

I Win. 


(7) Control (Boston) 

\ SO.l 

5.6 

141 (range 90-1S0) 

39.7 

(8) Adrenalectomized (Boston) 

1 97.1 

6.0 



(19) Control (Ann Arbor) 

116.5 

19.2 

153 (range 92-208) 

30.1 

(8) Adrenalectomized (Ann Arbor) . . . 

118.1 

20.9 





Results and discussion. Table 1 summarizes the results of these expeii- 
ments as regards the first and fourth stages of neuromuscular transmission m 
control and adrenalectomized animals and as regai’ds the fifth stage in the con- 
trol animals. The results of the control experiments were exactly similar to 
those described by Rosenblueth and Luco (1939). In three of the aclrenalec- 
tomized animals the operation was performed 24 hours prior to the experiment. 
In the remaining thirteen the adrenalectomy was carried out 48 hours before 
the experiment. In the Ann Arbor experiments the magnification of the mus- 
cular contraction was somewhat greater and the tension against which the 
muscle contracted was somewhat less than in the Boston experiments, accounting 
for an apparently higher contraction and slower onset of fatigue in the former 
series. The effects of adrenalectomy were the same in the two groups. 

It is clear from table 1 that, as indicated either by the height of the initial 
contraction or the rapidity of onset of fatigue, these animals experimented upon 

I The dial and desoxycorticosterone acetate used in these experiments were kindly fur- 
nished us through the courtesy of Dr. Ernst Oppenheimer of Ciba Pharmaceutical Prod- 
ucts, Incorporated. 
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either one or two days after adrenalectomy were not weak The actually 
greater height of the initial contraction in the adrenalectomized animals, slight 
f^tte Ann Arbor experiments but more marked in the Boston series, and the 
slightly slower onset of fatigue in the adrenalectomized than in the noima 
animals may probably be accounted for by the fact that in ° 

adrenalectomy an effort was made to select particularly large, healthy appeanng 

^^While adrenalectomy seemed to be without significant effect upon the 1st and 
4th stages of neuromuscular transmission it did markedly interfere with ^ le 
development of the 5th stage. Of the sixteen experiments upon adrenalectomized 
animals, 5th stages were observed in two. Ifi one, performed 24 hours after 
adrenalectomy, there developed a 5th stage which was of normal height though 
less well maintained than normal, its tension declining about 30 per cent in two 
honns. The greatest fall observed in a similar period in any of the normal ex- 








Fig. 1. Illustrating progressive subsidence of 5tb stage in cat adrenalectomized 24 hours 
prior to the beginning of the experiment; 30-minute segments of record separated by 40- 
minute intervals. The base line indicates the 4th stage (fatigue) level. 

periments was about 5 per cent. A portion of the record of this experiment is 
reproduced in figure 1. In one other adrenalectomized animal a 5th stage ap- 
peared. This experiment was performed 2 da)’-s after the adrenalectomjL The 
5th stage began 87 minutes after the initial contraction. In the next 38 minutes 
there was an increase in tension amounting only to 3 per cent of that developed 
in the first stage. The tension then began to fall, the animal djdng 18 minutes 
later. 

In the remaining 14 experiments upon adrenalectomized animals no 5th stage 
was observed. Inasmuch as considerable time is required for the appearance of 
the 5th stage in normal animals, the duration of these experiments upon adre- 
nalectomized animals is, of course, of significance. The average time of ap- 
pearance of the 5th stage in 26 control experiments was 147 minutes, with a 
r ariation from 90 to 208 minutes. In only 3 of these experiments with the time 
of appearance of the 5th stage greater than three hours, the time in these e.x- 
periments being 200, 207 and 208 minutes respectively. The durations of the 
e.xpenment.s upon adrenalectomized animals in which no 5th stage appeared 
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were 80, 85, 100, 102, 159, 160, 160, 200, 210, 270, 280, 300, 330 and 330 minutes 
respectively. Inasmuch as 6 of these experiments continued beyond the maxi- 
mal time of appearance of the 5th stage in the control series, and 4 others beyond 
the average time of such appearance, the conclusion seems inescapable that 
adrenalectomj" ma}'' result in failure of the 5th stage of neuromuscular trans- 
mission. 

Sham operations were performed upon three cats. In these the same anes- 
thetic (ether) was used as in the adrenalectomies, the same incision was made, and 
the intestines handled somewhat more roughly and for a longer time than was 
the case during adrenalectomjA The adrenals, however, were not removed. 
Each of the animals was experimented upon two days after the sham operation. 
In each case a 5th stage was observed, though the average height of the 5th 
stage was about 17 per cent of the initial contraction, definitely less than in 
the control series. 

Finally, a number of adrenalectomized cats were given daily intramuscular 
injections of 0.5 to 2.0 mgm. of desoxycorticosterone acetate (Percorten, Ciba). 
Seven of these animals were experimented upon 2, 4, 6 and 17 da}^s after adrenal- 
ectomy. In one of the seven, 6 days after operation, no 5th stage was observed. 
In the other 6, the 5th stage appeared at a normal time after the initial con- 
traction, the average height of the 5th stage being 26 per cent of the initial 
contraction, slightly less than in the control series. 

It appears, then, that the failure of the 5th stage to develop followng adre- 
nalectomy is the result of the adrenal cortical deficiencj^ itself and not of the 
trauma incident to the operation, and that the defect can be corrected in large 
part at least by desoxycorticosterone. 

The question now arises as to the site of the failure of the 5th stage. Although 
the 5th stage has been shown by Rosenblueth and Luco (1939) to be a phe- 
nomenon of the neuromuscular junction, its failure to appear might of course 
result from failure of the muscle, of the junction, or of the nerve fibre. Although 
the skeletal muscles of adrenalectomized animals ma}'' fatigue more readil}^ than 
noimal it seems very unlikelj'’ that this could account for the non-appearance 
of the 5th stage. Muscles stimulated directl 3 '^ are veiy resistant to fatigue corn- 
pared to those stimulated through the motor nerve. Furthermore, in experi- 
ments such as ours in which the motor nerve is stimulated 60 times a second 
the tension of the muscle has ordinarify fallen practically to zero within the 
first half-hour, due to junctional fatigue. Since the muscle is subsequently 
protected from activity b}'’ this junctional fatigue it seems unlikely that the 
subsequent failure of the tension characteristic of' the 5th stage to develop might 
result from a disturbance in the muscle itself. IS^evertheless it was felt that 
experiments involving lower rates of stimulation might furnish some direct 
evidence regarding the abilitj’’ of the muscles of adrenalectomized animals to 
develop tension. First a series of 5 e.xpei’iments was i^erformed upon animals 
adrenalectomized 2 daj^s previousty, the stimuli being applied to the sciatic nerve 
at a frequency of 2 per second. The contractions of the gastrocnemius, plantaris 
and soleus were recorded as before. A normal muscle stimulated in this way 
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shows little or no fatigue in the first 3 or 4 hours. One untreated adrenalec- 
tomized animal lived 216 minutes after the beginning of stimulation at 2 per 
second After 3 hours the height of the recorded contraction still amounted to 
54 per cent of the original. Shortly later, however, the contractions began to 
decrease rather sharply, the animal dying about half an hour later. Of the 
remaining four experiments, one continued only 70 minutes, the tension after 
1 hour having declined to 22 per cent of the original. Another continued 131 
minutes, the tension after 2 hours having declined to 14 per cent of the original. 
In the other two, the animals \vere kept alive over three hours with the aid of 
intravenous injection of a glucose-gelatin solution, the tension after 3 hours 
amounting to 2 per cent and 14 per cent respectively. 

Another series of four experiments was performed in which a stimulus fre- 
quency of 30 per second was used. At this frequency in a normal animal, the 
tension after 3 hours is usually at least 40 per cent of the original. One ex- 
periment performed 2 days after adrenalectomy lasted 210 minutes, the tension 
after 3 hours amounting to 12 per cent of the original. Another experiment 
lasted 155 minutes with a tension of 11 per cent of the original just a few minutes 
before death. In the other two experiments injections of glucose-gelatin were 
given in order to maintain an adequate blood pressure and prolong the experi- 
ment. One of these lasted 161 minutes uith a tension of 41 per cent of the 
original shortly before death. The other lasted 6 hours. The tension after 3 
hours was 60 per cent of the original, after 4 hours 32 per cent, after 5 hours 13 
per cent and after 6 hours 4 per cent. 

In the experiments at 60 per second, after the 5th stage had failed to appear, 
turning off the stimulating current never resulted in a relaxation of the muscle 
amounting to more than 2 per cent of the initial contraction. Since in the 
experiments at slower rates of stimulation a much higher tension was maintained 
until shortlj^ before death, it appears that the very low tension observed in the 
60-per-second experiments did not represent the maximal tension which the 
muscle itself was capable of developing, and that failure of the 5th stage cannot 
be attributed to inability of the muscle to contract. 

There remain junctional failure and nerve-fibre failure as possible explanations 
of the non-appearance of the 5th stage in adrenalectomized animals. Con- 


sidering the much greater susceptibility to fatigue of the neuromuscular junc- 
tion the former possibility seems the more likely. However, Maes (1937) has 
shown that adrenalectomy in frogs i-esults in a marked increase in the fatigabilitv 
of nerve fibres and the possibilit}^ must be recognized that such nerve-fibi'e 
fatigue might account for the failure of the 6th stage. The final answer to the 
question must await nerve-action-potential studies in adrenalectomized cats 
stimulated at 60 per second. 

The question may be raised whether the non-appearance of the 5th stage 
whatever its site, represents the direct effect of withdrawal of the adrenal cortical 
lormone or whether it may be secondaiy to some other bodily change associated 

W ’ “■‘dequacy. Laaari and Rosenblueth 

(1939) tonnd that extensive dissection about the superior cenrical ganglion 
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I’esulted in a failure of the 5th stage of ganglionic transmission, a failure which 
the3'' attributed to “the unavoidable slight impairment of the circulation in 
the ganglion,” suggesting that the 5th stage of ganglionic transmission was 
rather susceptible to slight alterations in blood supply. We studied the effect 
of hemorrhage upon the 5th stage of neuromuscular transmission and found that 
in general the level of the 5th stage varied in the same direction as the blood 
pressure, and that it disappeared completelj’- when the pressure fell below 50 
mg. Hg. This effect is illustrated in figure 2. 

In the experiments upon adrenalectomized animals the blood pressure, while 
it is ordinardy not far from normal at the beginning of the experiment, usually 



Fig. 2. Illustrating the effects of variations in arterial blood pressure produced by hemor- 
rhage and reinjection upon the level of the 5th stage. Upper record, mechanical response 
of muscle. Lower record, blood pressure by mercury manometer. At A lowering the blood 
pressure from 106 to 66 mm. Hg lowered the 5th stage level 2 mm. At B lowering the blood 
pressure from 168 to 98 ram. lowered the 5th stage level 1 mm. The 5th stage was abolished 
by lowering the blood pressure to 30 mm. at C and restored by reinjecting defibrinated 
blood at ZJ. At 1 the stimulating current was turned off. At 2 it was turned on again. 
The muscular contractions at 3 are due to inserting needle electrodes into the muscle. The 
powerful contraction at 4 is due to direct electrical stimulation of the muscle at a frequency 
of 60 per sec. 

falls to a rather low level within the first 2 or 3 hours. In this connection, 
it maj’’ be significant that in the one experiment perfonned 2 da3^s after adre- 
nalectom3’' in which a 5th stage appeared, it began unusualty early, onb'^ 87 
minutes after the initial contraction. Certainty as judged 63^ the blood pres- 
sure, the animals would appear to be much better able to support the tension 
characteristic of the 5th stage one and a half hours after the beginning of the 
experiment than three hours. Of the 6 experiments involving stimulation at 
60 per second which continued 210 minutes or more, in one blood pressure was 
not recorded. In another, the blood pressure was below 50 mm. the last two 
and a half hours. In the remaining 4 the lowest blood ]3ressures observed were 
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52, 56, 83 and 86 mm. Hg. However, in the experiment in which the blood 
pressure reached 56 mm,, the lowest pressure recorded within the first 3 hours 
was 70 mm. It appears then that in three of these long continued experiments 
the circulation as judged by the blood pressure level was fairly adequate beyond 
the maximal time of appearance of the 5th stage in the control experiments. 
However, an adequate blood pressure does not necessarily mean an entirely 
adequate circulation, and of course there are other bodily changes resulting from 
adrenal insufficiency which might conceivably account for the failure of the 5th 
stage to appear, e.g., alterations in electrolyte concentrations. Further infor- 
mation might be provided by studies involving adrenalectomized animals on a 
high sodium, low potassium diet. 

Finally, it may be asked whether the fact that the 5th stage was obtained 
in animals treated vdth desoxycorticosterone indicates that this substance 
represents a hormone specifically involved in the development of the 5th stage, 
or whether the 5th stage appeared simply because of the improvement in the 
general condition of the animals. We are unable to answer these questions. 

SUMMARY 

The response of muscle to motor nerve stimulation at a frequency of 60 per 
second was studied in normal anesthetized cats and in anesthetized cats whose 
adrenals had been removed from 24 to 48 hours previously. At this frequency 
of stimulation, the height of the initial contraction and the rapidity of onset of 
fatigue are not significantly different in the normal and the adrenalectomized 
animals. Such cortical adrenal insufficiency, however, prevents or seriously 
impairs the development of the 5th stage of neuromuscular transmission. This 
dp.fect is in large measure corrected by desoxycorticosterone acetate. 

Experiments involving stimulation at frequencies of 2 per second and 30 
per second show that at these frequencies fatigue occurs more rapidly in the 
adrenalectomized than in the normal animals, but not rapidly enough to account 
for the failure of the 5th stage on the basis of contraction fatigue. 

The possibility that the failure of the 5th stage to develop may be secondaiy 
to other effects of adrenal insufficiency such as a circu’latoiy inadequacy is 
considered. 


We ndsh to thank Dr. W. B. Cannon for suggesting this problem, for providing 
facilities for its investigation, and for his helpful adidce during the progress of 
the experiments. The aid and advice of Dr. A. Rosenblueth, Dr. E. W. 
Dempsey, and other members of the Department of Physiologj’- in the Haiward 
Mecical School are also greatly appreciated. 
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Changes in the size of the kidney of laboratory animals after the administra- 
tion of various steroid hormones have been reported. Korenchevsky and his 
associates have shown that castration reduces the Iddney weight of male rats, 
that male hormones restore the kidney weight of castrates to normal and that 
in intact rats, kidneys above the normal weight may be produced by the admin- 
istration of testosterone (15, 16, 17, 18, 19). The same effects have been 
demonstrated in mice (23, 24) and the work on rats has been confirmed (20). 
That the gain is not simply due to water is shown by observations that dry 
weights are likevdse increased (20). It has also been shown that testosterone 
increases the hypertrophy of the remaining kidney after unilateral nephrectomy 

(21) , diminishes renal atrophy after unilateral ureteral ligation (27), and affords 
some protection against mercuric chloride poisoning (26). 

The renal hypertrophy in response to the androgens appears to be localized 
chiefly in the tubules, although some glomerular effects have been noted. In 
rats, both cells and lumina are increased in size (19). In mice, structural 
changes also occur in the glomerulus, consisting of a replacement of the flat 
cells of the parietal lamina of Bowman’s capsule by cuboidal cells of the t 3 ’’pe 
found in the proximal tubules (4, 24). Such cuboidal cell capsules are known 
to be present in small numbers even in the kidneys of untreated mice, particu- 
larlj’’ during pregnancy, but their proportion is greatly increased by testosterone 
injections (5). 

Other hormones seem also to have some effect on the kidnej’^, for changes in 
renal weight have been reported to follow treatment of rats with estrogens 
(14, 19, 20) and desoxycorticosterone (6, 20). The compensatory hypertrophj’’ 
of the remaining kidnej’’ after unilateral nephrectomy in dogs (37) and in I’ats 

(22) is prevented by hypopltysectomy. 

A decline in sodium excretion and in urine volume occurs in men and women 
after testosterone administration (10), but this effect is reported to be slight or 
absent in dogs (34) . A diminished excretion of potassium, inorganic phosphorus 
and nitrogen is, however, a well defined effect of testosterone propionate admin- 
istration in both man and the dog (10, 11, 12, 13, 34). After discontinuation of 
androgen administration in man, sodium, chloride and water are rapidly lost; 
potassium and inorganic phosphorus more slowly, while nitrogen is apparently 
stored for several weeks (10). The retention of nitrogen and potassium have 
been interpreted as e\ddence of the foi-mation of new tissue. 

^ This study was made with the aid of a grant from the Commonwealth Fund. 
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The decreased excretion of sodium and potassium suggest that the androgens 
may affect also the specific reabsorptive power of the renal tubules. This view 
seertis in accord with the conclusions reached by Durlacher, Darrow and Winter- 
nitz (6), who after studying the effects of high and low potassium diets on renal 
size, suggested that the renal hypertrophy which follows adrenal cortical hor- 
mone administration is caused by the increased tubular reabsorption of the 
potassium ion. The only functional study of tubular activity in relation to 
endocrine control thus far available is, however, that of White, Heinbeckei and 
Rolf (35, 36) who report that after hypophysectomy in dogs, diodrast Tm is 
markedly reduced with a concomitant reduction in filtration rate and renal 


blood flow. 

Diodrast Tm (the maximal rate of diodrast excretion by the renal tubules 
under conditions of saturation) represents one aspect of tubular function which 
is amenable to precise measurement (30). This paper is a report on the effects 
of testosterone propionate on this function in the female dog. Observations 
were also made on the creatinine clearance (filtration rate) and diodrast clear- 
ance (effective renal plasma flow) (29). Quantitative methods of evaluating the 
tubular reabsorption of potassium and sodium are not yet available, and so our 
observations on these substances have been confined to the total 24-hour urinary 
excretion rate. 

Methods. Three young female dogs, each of which had had one litter, were 
used. In each dog a series of control observations was followed by a period 
during which testosterone propionate was administered daily. Observations 
were continued during a recovery period after the hormone was discontinued. 

Water was given by a stomach tube about one and a half hours before the 
beginning of the renal clearance periods to insure an adequate urine flow. 
Creatinine and diodrast were administered intravenously, first in a priming 
dose then in a constant intravenous infusion with 7.5 per cent mannitol in dis- 
tilled water. Blood samples were drawn at intervals and plasma levels of 
creatinine and diodrast for the midpoint of each period were taken from a curve 
dravm from the observed values. The general level of plasma concentrations 
in different experiments ranged from 12 to 40 mgm. per cent creatinine, 1.2 to 
3 mgm. per cent diodrast during the clearance measurement, and 17 to 57 mgm. 
per cent during Tm measurement. The blood levels for any one experiment 
varied little from period to period. 


The first urine collection period was begun twenty to thirty minutes aftei 
the infusion had been started. Urine was collected by catheter, air being used 
to empty the bladder at the end of each period. The bladder was washed out 
vnth distilled water only in those periods during which the urine flow was low, 
Three to four urine coUection periods were run for creatinine and diodrast 
-clearances and tlnee to five periods for diodrast Tm. 

In one dog the changes in diodrast Tm after testosterone were correlated rvith 
alteiations m the daily unnary excretion of sodium and potassium. This animal 
was placed on a standard diet and all urine collected for a seven-week control 
period aod twelve da,.s of homiooe admimetration. The diet "ooLted "1 
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cracker meal, meat juice powder, yeast, milk powder, vegetable oil, cod liver 
oil and salt mixture. The food was prepared for one week at a time, carefully 
mixed, and divided into eight dail 3 ’- portions of equal weight. The eighth portion 
was analyzed for sodium and potassium each week, the analyses from week to 
week being found in close agreement. Urine was collected bj’’ catheterization 
twice daily, each 24-hour period ending after the morning catheterization. 
After the late afternoon catheterization, the pan on the floor of the cage was 
changed and any urine excreted during the night was collected in a bottle 
beneath the cage. 

Diodrast Tm was calculated as VV — FWPoCcr, where UV is the total rate 
of diodrast excretion, Pd the plasma level of diodrast, Ccr the creatinine clear- 
ance and FW the free, filterable diodrast as read from Pd and plasma albumin 
in the nomograph of Smith and Smith (31). Plasma creatinine and diodrast 
iodine were determined on cadmium filtrates (8), creatinine by the Folin 
and Wu method (7) and diodrast iodine by the Alpert method (1). Plasma 
albumin was determined by a modification of the Howe (9) method. Sodimn 
was determined in urine and plasma gravimetrically by the uranyl zinc acetate 
method of Butler and Tuthill (3), the plasma samples being ashed with sulphuric 
acid in a muffle furnace at 500°C. Potassium was determined by the Brodie 
and Studenski (2) modification of the Shohl and Bennet (28) chloroplatinate 
method, and read colorimetrically on an Evelyn photoelectric colorimeter accord- 
ing to Tenery and Anderson (32). Both urine and plasma were prepared for 
analysis by ashing mth sulphuric acid in a muffle furnace at 500 to 550°C. 

The dose of testosterone propionate- to be used in the dog experiments was 
obtained by preliminary tests upon mice to find the minimum amount required 
to produce hypertrophy of the kidnej’^s. It was found that a dose of 0.1 mgm. 
of testosterone propionate daily for nine days produced the same degree of 
hypertrophy of the mouse kidney as did a dose of 0.69 mgm. daily for sixteen 
days. The dry kidney weight in each of these groups was 26 per cent above 
the kidney weights in the control group. A dose of 0.05 mgm. daily for nine 
days, however, resulted in an increase of only 18 per cent in dry kidney weight. 

To give a dose of testosterone in the dog comparable by weight to that which 
produced apparently maximal effects in mice would have required about 40 
mgm. daily. To allow for possible species differences in susceptibility, 100 
mgm. was chosen as a daily dose which might be expected to produce measurable 
effects. The substance was administered subcutaneously in 4 cc. of sesame 
oil. The total amounts given in anj’' series of experiments varied from 600 to 
2,100 mgm. Renal clearances were determined in the morning before the daily 
testosterone injection so that twenty to twenty-four hours had always elapsed 
between the last dose of testosterone and the running of any renal function test 

Results. The data on renal clearances, diodrast Tm and clearance ratios, 
are summarized in table 1 in relation to the duration and amount of testosterone 
propionate administered up to the time when a particular observation was made. 

- Crystalline testosterone propionate “Oreton” was supplied through the courtesy of 
Dr. Max Gilbert of the Schering Corporation. 



TABLE 1 

Creatinine clearance, diodrast clearance and diodrast Tin in control periods, during 
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FI 


sq.m. 
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DATE 


PEBIOD 
DiniING WHICH, 
OBSERVA- I 
TIONS \VERE 
MADE 


T2 0.58 


June 30, 19il 
July 3. 1941 
July 7, 1941 
July 8. 1941 
July 14, 1941 
July 17, 1941 
July 21, 1941 
July 23, 1941 
July 24, 1941 


July 28, 1941 
August 1, 1941 
August 2, 1941 
August 4, 1941 
August 5, 1941 

October 27, 1941 
Novembers, 1941 
November 7, 1941 
November 12, 1941 

November 13, 1941 


November 19, 1941 
November 24, 1941 
November 28, 1941 
December 4, 1941 

December 14, 1941 
December 29, 1941 
January 9, 1942 
February 12,1942 

November 14, 1941 
December 3, 1941 
December 5, 1941 
December 8, 1941 

December 8, 1941 


December 12, 1941 
December IS, 1941 
December 19, 1941 

December 22, 1941 
January 5, 1942 
January 22, 1942 
JIarch 6, 1942 


Control 
Control 
Control 
Estrus 
Estrus 
Estrus 
Control 
Control 
Testosterone 
propionate 
100 mgm. 
daily 

Testosterone 

Testosterone 

Testosterone 

Testosterone 

Testosterone 

Recovery 
Recovery 
Recovery 
Recovery 

Testosterone 
propionate 
100 mgm. 
daily 

Testosterone 

Testosterone 

Testosterone 

Testosterone 

Recovery 

Recovery 

Recovery 

Recovery 

Control 

Control 

Control 

Control 

Testosterone 
propionate 
100 mgm. 
daily 

Testosterone 

Testosterone 

Testosterone 

Recovery 

Recovery 

Recovery 

Recovery 


) o H 
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mgm. 


400 

800 

900 

1100 

1200 


I 

a 


600 

1100 

1500 

2100 


400 

1000 

1100 


27.6 


32.1 

24.1 
23.0 


30.4 

33.9 

34.1 

32.3 

30.6 


44.2 

43.3 


27.4 

22.9 

28.3 

17.6 

15.8 


36.9 

26.9 


30.3 

12.5 

12.5 

12.8 


Diodrast Tm ol nearest date oi same period used, 
t Creatinine clearances observed during diodrast Tm per 
Columns 6, 7, 8, and 9 are corrected to 1 sq.m, surface area. 
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TABLE 1 — Concluded 
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Glomerular filtration rate. The creatinine clearance was unaffected by testo- 
sterone propionate although, as is usualty true of this test, variations from day 
to day are evident. The variation during the two periods of therapy is no 
greater than during the control periods. 

Effective renal blood fiow. No immediate effect on the diodrast clearance 
followed the administration of testosterone. The diodrast clearance in dog T2 
was fairl}^ constant throughout, while in dog FI, observed over a longer period, 
the clearance varied over a wide range. It is of possible interest that all of the 
diodi’ast clearances in this dog, observed after the end of the first series of injec- 
tions, were lower than those observed before testosterone was given. The clear- 
ance in the two injection periods did not, however, differ significantly from the 
value observed in the preceding control pex’iods. 

Diodrast Tm. The outstanding effect of testosterone on the kidney was the 
striking increase wliich invariably took place in diodrast Tm (fig. 1). The fall 
in CcrjTmD and in CofTmo ratios result solely from the increase in the dio- 
drast Tm. 

Dog FI. The control period in dog Fl was complicated by the appearance 
of estrus. A single high level of diodrast Tm was observed at this time, which 
may have been associated with intrinsic hormonal changes. Two control ob- 
servations made later were at a lower level. The highest values of diodrast Tm 
reached during testosterone administration were but little above the single high 
figure obtained during estrus, but w'ere 44 per cent higher than the two control 
figures found immediately before the injections w'ere begun. After a three 
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months’ rest period, the original low control levels had not been reached. A 
second series of injections now produced a further increase in^ diodrast Tm, 
which reached 41 per cent above the levels immediateb^ preceding the second 
test period and 88 per cent above the original lower control figure. 

Dog T2. The response of the diodrast Tm in this dog was still greater, for 
the highest figures obtained were more than double the control. 

Dog S3. In the third dog it was decided to follow the rise in diodrast Tm 
from the beginning of hormone treatment. Accordingly, diodrast Tm was 
measured daily, beginning twenty-four hours after the first injection. Twenty- 
four hours after a single dose of 100 mgm. it had risen 34 per cent, aftei 200 



Fig. 1. Diodrast Tm in control periods, during testosterone administration and in 
recovery periods. 


mgm. it had risen 46 per cent; after 300 mgm. the diodrast Tm was more than 


twice the control value. Beyond this point no increase occurred, for after 400 
mgm. and 600 mgm., respectively, the value was close to that found after 300 
mgm. Apparently the maximum increase in diodrast Tm had occurred after 
300 mgm. had been given, or seventy-two hours after the first dose. 


Bate of recovery. The fall in diodrast Tm after suspension of treatment may 
be rapid, or its final return to normal may take some time. No observations 
were made early in the recovery period after the first experiment in do"- Fl. 
However, thi-ee months later her diodrast Tm was almost as high as it had been 
when she was getting testosterone. The first observation afte'r her second series 
of injections was made on the tenth day, at which time diodrast Tm was little 
above the control level. On the third day of the recovery period in dog T2 
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diodrast Tm had fallen very little but by the seventeenth day it was slightly 
below the control level. In dog S3, the first observation was made on the tenth 
day of the recovery period, when diodrast Tm had fallen slightly. Observations 
on the twenty-second and forty-ninth days after the last injections of testo- 
sterone gave values still slightly above the control figures. 

“ Sodium and 'potassium. The average daily excretion of sodimn and potassium 
in dog Fl is given by weeks in table 2. It is evident that the output of both 
sodium and potassium decreases after the administration of testosterone pro- 
pionate and the increase in diodrast Tm. 

The average daily excretion of sodium during the first week of testosterone 
administration was 0.695 gram, and for the next five days 0.527 gram. These 
figures are not only lower than the average for the previous seven weeks, which 
was 0.834 gram, but significantly less than for any single week of the control 

TABLE 2 


Average daily excretion of sodium and potassium in a seven-week control period and a period of 
twelve days after testosterone administration 



NUMBER 

OF DAYS 

AVERAGE EXCRETION 
IN GRAMS OF 
SODIUM IN 
24-hour URINE 

A\^RAGE excretion 
IN GRAMS OF 
POTASSIUM IN 

24-hour urine 

AVERAGE WEIGHT 
GAIN IN 24 HOURS 

Control 

7 

0.972 

1.068 

grams 

14 

Control 

7 

0.883 

0.982 

14 

Control 

7 

0.739 

0.737 

0 

Control 

7 

0.838 

0.788 

14 

Control 

7 

0.824 

0.792 

14 

Estrus 

7 

0.850 

0.840 

14 

Estrus 

7 

0.730 

0.786 

M 

Testosterone 

7 

0.695 

0.622 

57 

Testosterone 

5 

0.527 

0.626 

80 


period. Similarly, the average daily excretion of potassium for the first week 
after testosterone was 0.622 gram and for the follo'wing five days 0.626 gram, 
while the average daily amount for the control period was 0.856 gram. 

Changes in bod 3 '' weight during the four experiments are given in table 3. 
There was an average daily increase in weight during treatment which ranged 
from 0.036 kgm. to 0.083 kgm. The weight gain began from one to three days 
after the first dose and reached its maximum on the tenth, twentieth, eleventh 
and fifth days in the four experiments, respectively. 

Blood counts done in the control period and toward the end of the testosterone 
period, did not significantly differ. Neither protein nor abnormal amounts of 
cellular elements in the urine were ever noted. Blood pressure readings by the 
indu'ect palpation, method, using a small cuff on the hind leg, were taken at 
intervals during the control period, while testosterone was being given, and at 
intervals during the recovery period. Up to four months, three months and 
two months, respectively, after the administration of these large doses of testo- 
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sterone, the blood pressure in the three dogs was unchanged. Although several 
determinations of 17-ketosteroids were made on 24-hour urine collections, no 
significant increase in the excretion of these substances was notable during the 
periods of testosterone administration. 

Discussion. Testosterone propionate has apparently no effect upon either 
the glomerular filtration rate or the effective renal blood flow in the dog.^ The 
hormone does, however, cause a marked increase in diodrast Tm, revealing an 
increased functional capacity in the renal tubules to excrete diodrast. In conse- 
quence of the increase in diodrast Tm, the relative filtration rate {Ccr/ Ttud) 
and relative renal plasma flow (Cd/Tvid) per-unit of functional tubular tissue 
are reduced. A similar fall in CcrfTrriD and CofTmo has been observed in a 
woman after unilateral nephrectomy, when a gradual increase in diodrast Tm 
was not accompanied by similar increase in filtration rate or effective blood flow" 
(unpublished data). 

In spite of the decrease in effective renal blood flow per unit of functional 
tubular tissue to a value as low" as one half of the control value, there w"as no 


TABLE 3 

Weight gain during testosterone administration 


DOG 

I DAVS 

1 WEIGHT GAIN 



kgm. 

Fl 

12 

0.8 

FI 

21 

1.2 

T2 

11 

0.4 

S3 

6 

0.5 


elevation in blood pressure. It is possible that the time during which this ab- 
normally low ratio, indicative of relative renal ischemia, existed w"as too short 
to produce hypertension. It is by no means certain that the effect of testo- 
sterone on the kidney is of benefit. Indeed, increasing diodrast Tm without 
increasing the blood flow" to the tubules might serve only to produce or aggravate 
renal ischemia. With this point in mind, the injection of testosterone to one 
of these dogs is being continued for an indefinite period of time. 

The increase in the kidney s maximal capacity" to excrete diodrast does not 
necessarily imply an augmentation of other tubular functions. The observed 
decrease in the excretion of sodium and potassium does, however, suggest the 
possibility that testosterone administration is followed by a greater reabsorption 
of these ions as a result of hypertrophied or hyperfunctioning tubules. 

The rise in diodrast Tm may be dependent upon an actual hypertrophy of 

e renal tubules, or it may be based on an increase in function only. Evidence 
derived from other animals, notably mice and rats, shows that actual tubular 
hypertrophy does occur after testosterone. However, the maximal increase in 
mouse ki^ey weight w"hich has been observed is about 30 per cent TZT, 
considerably less than the 100 per cent increase in diodrast Tm noted in d^s. 
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The rapidity of the rise in diodrast Tm does not exclude the possibility of 
tubular hypertrophy for enlargement of the uterus in response to estrogens occurs 
as quickly. Changes in the electrolyte pattern of the rat uterus are present 
within 24 to 48 hours, a fact which has been offered as eridence for the new 
formation of protoplasm (32). Finally, it must be noted that the proportion 
of potassium in relation to sodium retained during testosterone administration 
is too high to permit the assumption that weight gain was simply due to an 
increase in extracellular fluid. The retained potassium noted here and the 
nitrogen retention of other reports (10, 11, 12, 13) point strongly to the foi-ma- 
tion of new tissue, a part of which at least may be represented by tubular 
hypertrophy. 


CONCLUSIONS 

1. A rapid rise in the maximal capacity of the kidnej’' to excrete diodrast 
(diodrast Tm) occurs in the dog followng the administration of testosterone 
propionate. This increase in diodrast Tm may amount to 100 per cent. 

2. The change in diodrast Tm is reversible but the tune required for original 
values to be reached varies greatly. 

3. The rate of glomerular filtration (creatinine clearance) and effective renal 
blood flow (diodrast clearance) are unaffected by testosterone propionate. 

4. The increase in diodrast Tm is accompanied by a reduction in the urinary 
excretion of sodium and potassium, 
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It is known that the action of thrombin on fibrinogen is affected by tempera- 
ture, pH, colloids, and by the presence of certain electrolytes. There has never 
been any correlated study of these variables. Furthermore, the older studies 
of isolated variables were earned out with crude mixtures, weak in thrombin 
and heavily contaminated with antithrombin. We have been able to avoid 
the latter obstacle by the use of fibrinogen and thrombin which were carefully 
purified and highly reactive. In addition, identical preparations were used to 
test each of the variables listed above, thus making it possible to judge the 
relative importance of each. We propose to discuss the theoretical implications 
of these findings, and also to point out their application to various technics for 
the assay of thrombin. 

Figure 1, curve I, shows the clotting time of standardized fibrinogen solution 
as related to thrombin concentration. The amount of thrombin required to 
clot 1 cc. in 15 seconds at 28°C. is defined as a unit of activit5^ The solution 
gives clotting times identical to those obtained with the solution required in our 
2-stage prothrombin method (1, 2); consequently, when prothrombin conversion 
is complete a unit of prothrombin is equivalent to a unit of thrombin. 

The curve obtained (curve 1) resembles a rectangular hyperbola^T 

thus implying inverse proportionality between thrombin concentration, T, and 
clotting time, i. This “law” has been cited by many of the older workers, and 
more recently by Quick (3). Calculations show, however, that the experimental 
points deviate considerably, with the use of the best fitting value of the con- 
stant, K. It is only in the middle segment that the correspondence is satis- 
factorj\ 

It is agreed that the calcium ion plays an important role in the formation of 
thrombin, but there is no agreement regarding its importance in the second 
phase of clotting. Many have insisted that it does not affect the clotting of 
fibrinogen by thrombin, but others maintain that complete removal of the 
ionizable calcium destroys the thrombin action altogether. Our own experience 
lies’ between these two extremes. Figure 1, curve represents results obtained 
when calcium was omitted, and oxalate was added instead. The clotting times 
are obviously’" much longer. To produce a clot in 15 seconds, almost twice as 
much thrombin is now needed. At other comparable clotting times, the dis- 
crepancj’" betw'een the tw’o curves is equally gi’eat. In attempting to remove the 

^ Aided by a grant from tbe John and Mary R. Markle Foundation. Funds were also 
supplied by the Graduate College, State University of Iowa, and by Parke, Davis and 
Company, Detroit. 
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calcium by other means, we have resorted to prolonged dialysis, electrodialysis, 
and to the use of larger amounts of oxalate. Our experience has been that 



UNITS OF THROMBIN IN FINAL CLOTTING MIXTURE 


Fig. 1. Clotting time and thrombin concentration. Curve 1. a. Fibrinogen prepared 
in 5°C.-room. To 900 cc. oxalated plasma (see below) add 90 cc. MgCOH): suspension (2). 
Centrifuge. This removes prothrombin. To the supernatant plasma, add 240 cc. cold 
saturated (NH4)oS04, fortified with 0.3 per cent K2C204-Ho0. Centrifuge and . dissolve 
precipitate in 900 cc. oxalated saline (0.885 per cent NaCl + 0.092 per cent KoCi04-H20), 
add cold saturated (NH4)2S04 solution slowly. The first fioccules which appear contain 
much denatured protein. These are eliminated in the centrifuge. To supernatant fluid 
continue adding (NH 4 ):S 04 until a total of 315 cc. have been added. Centrifuge, dissolve 
precipitate in 90 cc. o.xalated saline and dialyze against latter for 3 hours at 5°C. 

b. Acacia. To remove calcium add an excess of K 2 C 2 O 4 to a 5 per cent solution of com- 
mercial acacia and allow to stand over night. Heat and centrifuge while hot. Dialyze 
to remove excess oxalate. The acacia is precipitated and dried with alcohol. A trace of 
salt facilitates precipitation. Prepare a 15 per cent solution in 0.9 per cent NaCl. 

c. The clotting mixture consists of 0.335 cc. saline (0.9 per cent NaCl) + 0.066 cc. 1.0 per 
cent CaCl 2 + 0.133 cc. acacia + 0.666 cc. imidazole (7) solution -f 0.20 cc. fibrinogen 
+ 0.20 cc. thrombin solution of variable strength (in 0.9 per cent NaCl). From the 
curve and from the dilution factors, the unit strength of the thrombin is calculated 

Curve 2 is identical to curve 1 except that 0.134 cc. of saline and all of the calcium solu- 
tion was omitted. In their place 0.20 cc. K 2 C 204 (1.85 per cent) was added 

Curve S. Mix 7 vol. borine blood with 1 vol. K 2 C 2 O 4 •H 2 O (1.S5 per cent) . Centrifuge 
To 0.9 cc. oxalated plasma add 0.1 cc. thrombin of variable strength (in 0.9 per cent NaCl)! 

Curve 4- Same as curve 5, except that the oxalated plasma was first diluted 5-fold with 
oxalated saline (see above). 


^metmes the loss of actmty is somewhat gi-eater, but often the loss is less 
Complete inactivation never results from any of these procedures. 
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The mechanism by which the calcium augments the activity of thrombin is 
still obscure. In addition to calcium ion, it is possible that calcium, in non- 
ionized form, is an integral part of the thrombin molecule. Analyses for calcium 
can be considered significant only if the preparation is pure, or nearly so. Pub- 
lished analyses for calcium are based upon thrombin which is less than 5 per 
cent as potent as ours, which itself is not pure (4). It is thus evident that no 
no one can state vfith certainty whether or not pure thrombin would contain 
bound calcium. 

When thrombin is added to oxalated plasma of the same species (fig. 1, 
curve 8) the clotting time is definitely slower than when a standard mixture of 
purified fibrinogen is used; in fact, 2.25 units of thrombin were required to 
produce a clot in the standard 15-second interval. The sluggish clotting is due 
only in part to oxalation (see curve 2). No doubt the antithrombin of the 
plasma is also, in part, responsible. In an effort to reduce the effectiveness of 
the antithrombin, the plasma was subjected to 4-fold dilution with oxalated 
saline as a preliminary measure. This corresponds very closely to the “diox- 
alated” test plasma employed so extensively hy Bordet (5) and his followers. 
The result of dilution “was disappointing, however (curve 4) ■ The diluted plasma 
clotted even more slowly than the undiluted plasma. Certain implications of 
this vfill be discussed later. 

Figures 2A to 2D show the effect of several variables upon the actmty of 
thrombin. In each figure an arrow is used to indicate the level specified as 
standard in defining the thrombin unit. These chosen levels are the ones at 
which clotting occurs at the standard 15-second interval. At other points on 
the curves larger or smaller amounts of thrombin were required to duplicate 
this 15-second end-point. These variable thrombin values, shovm in the charts, 
indicate the extent to which thrombic actmty is affected bj^ deviation from the 
standard condition. 

In the case of temperature, the standard 15-second interval is obtained at 
28°C. At 5°C. retardation is quite marked; the amount of thrombin required 
to cause a clot in 15 seconds is six times as great as at 28°C. 

At high temperatures, the clotting efficienc 3 ’- levels off at about 60°C. Beyond 
this point denaturation occurs even during the brief interval required for assay. 
Results published elseivhere (6) show denaturation at temperatures as low as 
40°C. In the case of many enz 3 ’-mes, the period of assay is quite long and 
denaturation is therefore conspicuous in the region of 40°C. This offsets the 
improved catab^sis, leading to a so-called “optimum” at this temperature. In 
the case of thrombin the period of assay is quite brief, but at about 50°C. both 
thrombin and fibrinogen show denaturation in the brief period of assa 3 ’-, and the 
clotting efficienc 3 ^ suffers correspondingly. 

Neutral electrobrtes exert effect upon the conversion of prothrombin into 
thrombin, and upon the reaction between the latter and fibrinogen. T\Tien the 
electrobrte level is reduced to about 50 per cent of the normal ph 3 ’-siological 
level, there is a decided increase in the clotting powder of thrombin (fig. 2B). 
On the other hand, "when the concentration of NaCl is increased from 0.9 per 
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cent to the level of 1.5 per cent, the activity of the thrombin is reduced by 
approximately 50 per cent, and at the level of 2.5 per cent NaCl, 5 units of 
thrombin are required to produce the effect normally given by 1 unit, in 
making studies on blood coagulation, the problem of neutral electrolytes^ is 
commonly ignored. We suggest that clotting mixtures be kept isotonic with 
respect to 0.9 per cent NaCl. Specific effects can then be assigned to each 

component in the mixture. _ 

The effect of pH upon the second phase of clotting is shown m figure 20. 
We have selected the pH level of 7.2 to 7 .5 as standard in the definition of the 
thrombin unit. To regulate the pH at this level, imidazole buffer is suitable 




Fig. 2. The effects of temperature, NaCl, pH and acacia on thrombic activity. The 
composition of the clotting mixtures was analogous to that of curve 1 , figure 1. All values 
refer to the final clotting mixtures. Those given on the ordinates refer to the amount of 
thrombin required to form clots in the standard 15-second interval. 

(7), for it does not bind calcium or interfere in any knovTi way ndth the clotting 
reaction. Figure 2C shows that regulation of pH need not be especially precise, 
for optimum speed of clotting is obseiwed throughout the entire zone of pH 6.8 
to 8.5. Beyond these two points, clotting is markedly impaired, and denatura- 
tion of thrombin is observed beyond pH 4.5 and pH 10, 

Early in the work of this laboratory it was found that fibrinogen preparations 
appeared to lose much of their clotting reactmty in the course of preparation. 
At first, this was attiibuted to denaturation. It was found, however, that the 
reactmty could be restored and stabilized by adding any one of a variety of 
colloids. Acacia proved to be highly effective. The quantitative aspects of 
tins problem have not been recorded heretofore, but are now presented in 










352 


WALTER H. SEEGERS AND H. P. SMITH 


figure 2D. The inclusion of 2 to, 6 per cent of acacia in the clotting mixture 
increases the sensitivity at least 4-fold. Larger amounts, however, depress the 
reaction rate. 

In the case of whole plasma, the colloid content is almost optimal for the 
clotting reaction. The addition of acacia to oxalated beef plasma increases its 
sensitivitj^ to thrombin only moderately. When oxalated plasma is diluted .ivith 
oxalated saline, the reactivity is markedly decreased as noted already (fig. 1, 
curve 3). We believe that this loss of sensitivity is associated mainly with dilu- 
tion of the colloids, for the addition of acacia to the extent of 2 per cent restores 
the clotting speed almost completely. 

In the assay of thrombin, many of the earlier workers employed oxalated 
plasma instead of purified fibrinogen. As a rule, the results were e.xpressed in 
terms of the variable clotting time. Warner ei al. (1), using pmified fibrinogen, 
were the first to propose that assaj'' be based upon a fixed clotting time, thus 
pro^dding a definite thrombin unit. More recentl 5 ’-, Astrup and Darling (8) 
adopted the unit basis of expression. Their unit is the amount of thrombin 
required to clot 1 cc. of oxalated plasma in 30 seconds. Ice cooled oxalated 
plasma is mixed with thrombin and “the tube is placed quicklj’- in a water bath 
at 37°C. and the clotting time is determined.” It is obvious from this that the 
effective temperature is at some indeterminate point between 0 and 37°C. 
This variability is unfortunate since, as we have shown, the temperature gradient 
is quite steep between these two points. If one could assume the measurement 
to be essentially at 37°C., their unit would be smaller than ours on account of 
temperature (37 vs. 28°C.). On the other hand beef plasma requires 1.3 of our 
units (fig. 1) for clotting in 30 seconds and this tends to make their unit the 
larger one. These two variables neutralize each other almost exactb" and we 
conclude that a 37°C. oxalated plasma unit is almost identical to our 28°C. 
fibrinogen unit. In attempting to duplicate their experiments with “ice cooled” 
plasma, we found their variable temperature unit to be 40 to 50 per cent larger 
than ours. 

In the assaj'- of thrombin — ^in fact in all work on blood clotting — one must 
recognize the fact that new and complex problems may arise from the admixture 
of clotting factors of different species. This problem has never been studied 
with purified preparations, but the following experiments vdll illustrate the 
general nature of the problem as it pertains to thrombin. 

When 2 units of thrombin (0.1 cc.), prepared from bovine plasma, were mixed 
with oxalated human plasma (0.9 cc.) at 28°C., a clot formed in 15 seconds 
(table 1) . When the same thrombin preparation was mixed vdth oxalated bovine 
plasma, or with plasma from the rabbit, approximate!}'- 2.2 to 2.5 units were re- 
quired to form a clot in the 15-second interval. Far more remarkable was the 
fact that 5 units were required to clot canine plasma at this rate. In the cases 
of plasma from the pig, 8 units were required, and -^'hen plasma of the rat was 
used, 10 units were needed. In the case of chick plasma, even more thrombin was 
required. There is no reason to believe, how'ever, that the various types of 
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fibrinogeu are fuudanientally different in their reaction to bovine thiombin. 
In fact, fibrinogen, prepared in purified form from the plasma of the pig reacted 
as promptly to bovine thrombin as did the purified fibrinogen of bovine origin. 
It seems clear that other components of the various plasmas have a marked 
effect in determining the speed vith which the fibrinogen and the thrombin 
interact. In conformity vdth tliis view is an observation that 10 units of 
thrombin clotted bovine plasma in about 5 seconds, even when the latter Avas 
diluted with equal parts of saline. However, when this same bovine plasma was 
diluted with equal parts of chick plasma, 70 seconds Avere needed for clotting. 
It is cAudent that the chick plasma exerted a strong specific inhibitory effect in 
preventing bovine thrombin from clotting the boAune fibrinogen AA^hich AA^as 
present in the mixture. 

In seeking an explanation for these examples of inhibition, aa^o suspected at 
first that the antithrombin content of plasma might differ markedly from one 
species to another, 'but preliminary studies made by incubating the various 

TABLE 1 


Units of purified beef thrombin required to clot 1 cc. oxalaled plasma in IS seconds at 88°C. 


SPECIES 

UNITS 

TTiimnn * 

2.0 

Rabbit 

2.2 


2. 2-2. 5 

Canine 

5.0 

Pig 

8.0 


10.0 

Beef + 2.7 per cent acacia 

0.95 

Pig + 2.7 per cent acacia 

1.1 


plasmas with boAune thrombin failed to reveal any marked differences in rate 
of thrombin destruction. We haA'-e as yet not tried to study these species differ- 
ences AAdth thrombin prepared from other species. It is possible that precipitin- 
like reactions AA^hich occur betAveen sera of different species are responsible for 
interference AAdth the clotting reaction. In connection vdth the solution of this 
problem there is an interesting experimental fact. If acacia is added to pig 
plasma to the exTent of 2.7 per cent it is possible to clot 1 cc. of the plasma AAith 
only 1.1 units of beef thrombin (table 1). This inAmlves an 8-fold reduction in 
the amount of thrombin required. If one performs the same experiment AAith 
beef plasma, the amount of thrombin required changes from 2.5 to 0.95 units 
In other words acacia is of benefit AAdthin the same species, and it also tends 
eA^en more markedly to obliterate the striking difference betAveen species 
In conclusion, we VTsh to suggest that efforts at the assay of thrombin be 
accompanied by specific use of unit terminologjq and that cross-correlation be 
made AAith technics of other Avorkers. In many cases it should be sufficient to 
obtain data Avith oxalated plasma of the same species. 
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SUMMARY 

A correlated study has been made of a number of factors which affect the 
action of thrombin on fibrinogen. Under standardized conditions the clotting 
time is inversely proportional to thrombin concentration, though the corre- 
spondence to a simple formula is far from exact. Curves are given to show the 
effects of temperature, electrolyte concentration, pH, and colloid content of the 
clotting mixture. Thrombin prepared from bovine plasma does not clot pig 
plasma as well as it clots bovine plasma. However, purified fibrinogen of the 
two species is clotted with equal ease. The inhibition is thus due to inhibitory 
reactions, not to fundamental incompatibility of thrombin of the one species 
for the fibrinogen of the other. Suggestions are made regarding the funda- 
mental principles to be followed in the assay of thrombin. 
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Blalock (1), Best and Solandt (2), and more recently Mahoney (3) have 
studied the treatment of traumatic shock in dogs. Blalock (1) infused severe^’’ 
traumatized animals with crystalloid solutions. Best and collaborators (2) 
found pituitrin followed by an adequate quantity of hj’-pertonic serum an effec- 
tive form of treatment of shock. In Mahoney’s experiments plasma did not 
restore traumatized animals infused 7 hours after trauma (3). 

We were interested to study the effects of rapidly induced trauma to muscle 
and bones, and to investigate whether the prompt infusion of isotonic serum 
would prove efficacious in the treatment of this eondition. To our knowledge 
there is no convincing evidence in the literature which answers this question. 

Methops. Normal healthy dogs were starved for twenty-four hours; water 
was not withheld. The animals were anesthetized with sodium pentobarbital. 
A cannula was inserted in the carotid artery for sampling and for recording of 
blood pressure vith heparin as anticoagulant, and one femoral vein was cannu- 
lated. Ch’culating time was estimated by the sodium cyanide method (4), 
plasma volume by the method of repeated intravenous mjections of the blue dye 
T-1S24 (5), plasma proteins by the falling drop method of Barbour and Hamilton 
(6), and plasma COj of arterial blood by the Van Slyke and NeUl manometric 
teclmique. After a suitable conti-ol period, during which all determinations 
were performed, trauma was applied to one lower extremity. A critical condi- 
tion of the animal was assumed to exist when blood pressure had dropped to 50 
mm. Hg and remained at that level for 10 minutes or longer. After trauma, 
determinations were repeated at stated intervals. 

We are not stating that our animals were in a sufficiently grave degree of shock 
to satisfy every worker in this field (7). However, all our untreated control 
animals died rapidly in what seemed to be terminally an hreversible condition 
of shock. Prior to this, their condition was critical enough for the purpose of 
testing the value of restorative fluids and, by carefully following the physical 
and chemical determinations before and after infusions, certain definite conclu- 
sions could be drawn. If we were to accept the extreme opinion that shock must 
be an irreversible state leading to death (7), aU work on the therapy of shock 
would be useless. 

We have not been able to standardize the amount of trauma administered 
This conforms Mth the observations of others (7). The size of the animal’ 
strength and position of different structures, and indiffidual resistance seem to 
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make standardization impossible. We employed a constant weight dropped on 
the middle of the left thigh from constant height at constant intervals. The 
number of blows necessary to reduce blood pressure to 50-60 mm. Hg in a group 
of 15 dogs of approximately the same weights varied as follows; 92, 116, 142, 166, 
167, 178, 179, 205, 246, 355, 389, 429, 431, 530 and 987. We therefore resorted 
to administering a number of blows sufficient to reduce blood pressure to 50 mm. 
for a period of 10 minutes or longer, thus accepting low pressure as a preliminary 
indication of a serious condition of the animal and later correlating tliis vith all 
the other more time-consuming determinations performed. 

For the determination of the concentration of T-1824 in the arterial blood the 
spectrophotometer was used, emplojdng a wave length of 620 millimicrons. 
The log of transmission was directly proportional to the concentration of the dye 
in plasma within a range of 10 to 60 mgm. per cent in the plasma T-1824. Follow- 
ing the injection of the dye its concentration in the arterial blood of the normal 
dog was constant after 4 minutes, and remained so for two hours and longer. 
In the traumatized animal ■with a blood pressure of 50 mm. and a circulating time 
of 41 seconds, mixing of the dye was complete after five minutes, and only 6.4 
per cent of the dye had disappeared vnthin eight minutes following injection, at 
which time the blood pressure and the circulating time had not changed. From 
a number of such experiments we felt that we were able to rely on the average 
of two determinations of the concentration of T-1824 in the plasma, five and 
eight minutes after the injections, respectively. In the traumatized animal the 
error of plasma volume determination was gi’eater than in the non-traumatized 
animal, but we feel that determinations were still ^vithin the limits of error of the 
method and of biological variations. In order to control whether blood from 
animals in shock itself would have an effect on the optical properties of the 
plasma, blood was obtained from dogs before and after se'vere trauma, and mixed 
with suitable amounts of T-1824. Since absorption proved to be identical in 
both cases, we concluded that the blood of dogs in severe shock does not itself 
alter the accuracy of the determination of T-1824. 

Care must be exercised in the preparation of dog’s senim or plasma if severe 
serum reactions are to be avoided. Emplojdng the procedure of Goodner and 
collaborators (8), we have been able to reduce the instances of plasma and serum 
reactions to a minimnm . The only disadvantage of the method seems to be that 
about 1 per cent of proteins are lost. The use of rubber and glassware free from 
pyrogenic material, i.e., carefully cleaned with alkali and water and sterilized, 
seems to be essential. No typing was necessary, since we have found that in the 
dog hemagglutinins are not present in serum (9). ^ 

Results. A. Saline and serum inSusion in the same animal. (Fig. 1.) In order 
to eliminate the variable response of different animals, double infusion experi- 
ments were performed on the same dog (4 expts.). Figure 1 represents a tj^pical 
experiment. It demonstrates graphically the transient effects of saline and the 
more lasting and beneficial effects of serum infusion. 

In other experiments the second infusion was •ndth glucose saline solution in- 
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stcRci of SGrurn. TIigsg animals died sliortl3'^ after tlie saline infusion, iidtli blood 
pressures falling rapidty after completion of the infusion. The first and partic- 
ularly these latter experiments confirmed the results of Blalock (1) and others, 
that saline infusion maj’’ even be harmful under certain conditions. 

B. In the folloxcing series of experiments a more extensive study of the changes in 
the animals following trauma was performed, and the results are summarized in- 
table 1 . FolloMung trauma and a low' blood pressure maintained at 50, as de- 
scribed under Methods, serum or saline solution were administered intravenouslj'^, 
40 cc. per minute. Table 1 represents the averages of three groups of determina- 
tions demonstrating the changes follouing trauma and the effects of serum and 
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Fig. 1. Trauma. Effect of infusions with saline-glucose solution and with serum 

saline respectively upon the course of developing shock.i The last determination 
was done at the end of the e.xperiments; thus, in the serum group in which all 
animals hved longer than 4^ hours, at the time when the experiment was stopped 
and in the saline group, when blood pressures had dropped to 40-50 mm. Ha’ 
i.e., some time before the death of the animal. 

The average survival time for the serum group was 405 minutes. Only one dos 
of the saline group hved for 270 minutes, while the other six dogs died after 145 

tlie mtTi«U - the table, representing 
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minutes. It is significant that 145 minutes after trauma the plasma volume of 
the saline dogs was equal to the plasma volume of the serum dogs 405 minutes 
after trauma. In order clearly to illustrate this difference, the individual A^alues 
for plasma volumes of each group were plotted against time. The values for 
plasma volume “after infusion” were calculated by adding the infused volume of 
saline and serum respectively to the plasma volumes “after trauma.” This was 
done because the rapid changes following infusion make plasma volume deter- 
minations at that time to appear of doubtful value. From this graph values for 
plasma volumes were averaged for half-hourly periods. Chart 1 represents these 

TABLE 1 


Averages of determinatiotis in dogs before and after trauma and transfusion with serum or saline 


6 DOGS. 23 CC. PER KGU. SERUM 

CONTROL 

IMMEDI- 

ATELV 

AFTER 

TRAUilA 

SURVIVALS. 
6 DOGS, 405 
MINUTES 

deaths 

Blood pressure (mm. Hg) 

164 

72 

126 


Circulating time (seconds) 

9.7 

23.3 

17 


Plasma volume (cc. per kgm.) 

40.5 

25.0 

34.6 


Plasma proteins (gr. per cent) 

6.75 

6.60 

6.95 


Plasma proteins, total circulating (gr. per kgm.) . 

2.73 

1.65 

2.40 


Hematocrit (per cent) 

52.7 

55.1 

43.6 


Plasma COj (volume per cent) 

48.2 

34.1 

1 

31.2 





1 SURVIVALS. 

deaths. 

7 DOGS. 25 cc. PER KGM. SALINE 



1 DOG, 270 

6 DOGS, 145 




iriNCTES 

mSVTES 

Blood pressure (mm. Hg) 

172 

57 

60 

43 

Circulating time (seconds) 

9.8 

24.5 

47* 

24.8 

Plasma volume (cc. per kgm.) 

46.2 

33.7 

31.8 

33.4 

Plasma proteins (gr. per cent) 

6.31 

6.06 

5.54 

4.94 

Plasma proteins, total circulating (gr. per kgm.) . 

2.92 

2.02 

1.76 

1.65 

Hematocrit (per cent) 

49.0 

50.1 

49.5 

42.7 

Plasma CO 2 (volume per cent) 

50.6 

29.0 


19.0 


* Shortly before death. 


results expressed as per cent changes from the control plasma volumes before 
trauma. 

Following severe trauma a loss of 29 to 37 per cent of the available circulating 
plasma occurred in 1-1 dogs. Following the infusion of serum, plasma volume 
was elevated above the control value and slowlj’' dropped to and slightly below it 
within 3 hours. This shows that adequate, i.e., large serum infusions are a safe 
method for elevating and maintaining a more or less normal plasma volume fol- 
lowing severe trauma. 

It is apparent that one hour after infusion of saline a quantit}' of fluid equal to 
98 per cent of the infused fluid had left the effective circulation. This volume of 
fluid lost is not saline, but saline-diluted plasma. This is apparent from the 
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plasma protein determinations of two typical experiments, represented 

in chart 2^. ^ j. 

Chart 2 demonstrates that in the case of saline infusion, the plasma protems 

were not only greatly diluted, but also that the capillary walls became more 
permeable and more plasma left the circulation (“washing out” effect of Blalock 
(1)) , In the case of serum infusion, the level of plasma protein was raised above 
the control value and remained there more or less until the experiment was 
stopped (the animal survived). The values for plasma CO 2 on chart 2 demon- 
strate the evanescent and possibly harmful effects of saline infusion, and em- 
phasize the property, of serum (or plasma) to restore and maintain a more or less 
normal plasma CO 2 level and thus counteract acidosis. 

Discussion. Shock produced by trauma may be relieved by the intravenous 
administration of serum even when shock is severe, but only when admimstered 
without much delay and in sufficient amounts. Low blood pressure, low circula- 



Chart 1. Trauma. Averages of plasma volumes expressed in per cent changes from 
controls before trauma. The value “after infusion” is calculated (see text). 

Chart 2. Trauma. Plasma protein values of 2 representative experiments. The 
numbers above or below the curves represent plasma CO 2 (vol. per cent). 

tion rate, low plasma CO 2 , hemoconcentration, and low plasma proteins can be 
restored to approximately normal values; plasma volume may be restored to 
normal or above and held at that level for a number of hours, after which it slowly 
declines. The reverse seems to be true in the case of crystalloid solutions. 
Plasma volume is raised, but only over a short period of time. Following serum 
infusion some of the infused proteins are lost, but most evidently are retained in 
the circulation. ^ On the other hand, following infusion vuth saline, all or most of 
the saline administered is lost, together with circulating plasma proteins. Thus 
saline infusion may be definitely harmful in traumatic shock. 


* ^ per cent values of plasma proteins of all dogs in each 

group and the computation of averages of the total plasma proteins per kgm. weight of doe 
seemed to involve serious mistakes because these average values did not agree with the 
values of the individual experiments. Therefore, the results of two representative experi- 
ments are reproduced here. e.xperi- 
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Serum administered after the failure of saline to improve the condition of the 
dog in traumatic shock (three-quarters of an hour after the saline] solution) sthl 
can restore blood pressure, plasma CO 2 , and circulating time to values slightly 
below normal and well compatible with life. A preoperative infusion of a trau- 
matized animal with serum permitted amputation of the leg and the second in- 
fusion raised blood pressure, blood CO 2 , blood hemoglobin, hematocrit, and cir- 
culating time to near control values, well compatible with life. Repeated saline 
infusions, administered shortly after trauma at blood pressures of 50 to 60, ap- 
parently hastened death and did not establish a condition favorable to ampu- 
tation. 


SUMMARY 

Anesthetized dogs were traumatized severely and the effects of infusions with 
saline or serum were studied by a number of physical and chemical determina- 
tions. 

The effects of saline-glucosfe infusions were as follows: 

1. Five dogs died 145 minutes and one dog died 270 minutes after infusion. 

2. A transitory rise and, usuallj’', a gradual fall of blood pressure soon after 
termination of , infusion. Two hours after infusion blood pressure was 43 mm. 
Hg in 5 dogs. 

3. An amount of saline-dUuted plasma, equal to or larger than the amount of 
saline-glucose infused, had left the effecthm circulatory volume vithin about one 
hour after infusion. 

4. Plasma proteins were greatly diluted immediately after infusion; after that 
some hemoconcentration took place, but total plasma proteins never reached 
control levels again, indicating that proteins were “washed out” of circulation 
together vdth the saline-glucose solution. 

5. A slight transient improvement of arterial plasma CO 2 shortly after in- 
fusion, followed by a continuous and more or less rapid fall to low levels. 

6. Circulating time improved for a short period after infusion and then con- 
tinuously increased toward the end. 

The effects of infusion vdth normal dog’s serum were as follows : 

1 . The dogs lived for 405 minutes, and then the experiments were terminated. 

2. A rise of blood pressure to normal or near normal levels, usually maintained 
till end of experiment. 

3. A large part of the infused volume of serum remained in the effective chcu- 
lation throughout the period of observation. 

4. Plasma proteins were alwaj'^s raised to or above control levels and remained 
there throughout period of observation. 

5. Plasma COo was always markedly improved and in a number of experiments 
continued to rise to higher levels one hour after infusion. 

6. Circulating time returned to control levels and then slowly increased 
towards termination of experiments. 

Infusion vdth serum after saline had failed to restore animal, was followed by 
marked improvement of animal. 
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In a recent study on the ability of various adrenal steroids to protect the 
adrenalectomized dog against the circulatory failure which follows a 25 minute 
gentle stripping of the small intestine, trauma to muscle masses of the hind limb, 
bilateral adrenalectomy at a single stage operation and hemorrhage, it was found 
that whereas corticosterone and 17-hydroxy-ll-dehydrocorticosterone afforded 
adequate protection after all four of the stress procedures, desoxj’-corticosterone 
acetate was seemingly -without effect after the single stage bilateral adrenalec- 
tomy or the intestinal stripping (1). This lack of protective action was striking 
in ^iew of the established fact that desoxycorticosterone maintains the adrenal- 
ectomized dog in good health and vigor, and can, under certain conditions, 
protect against the circulatory collapse following the other shock inducing pro- 
cedures employed (1). It w^ould seem that the single stage bilateral adrenalec- 
tomy and the intestinal stripping must have a common factor contributing 
toward the circulatory failure, against which desoxycorticosterone, unlike corti- 
costerone, 17-hydroxy-ll-dehydrocorticosterone or whole gland cortical extract, 
is ineffectual. At first sight the rtvo procedures seem to have little in common. 
The one involves but little trauma, -with no discernible local loss of fluid (2). 
Intestinal stripping, on the other hand, involves a widespread and extensive 
trauma, -with significant local fluid loss and resultant hemoconcentration. 
Blood chemistry changes after both procedures have proved negligible, and offer 
little e-vidence for the existence of a shock inducing factor common to both pro- 
cedures. Only a tendency toward a decline in blood sugar, wRich ma}"- or may 
not be severe and is bj'- no means invariable, seems common to both (2). 

Freud, Uyldert and Waterman (3) pointed out the similarity between certain 
symptoms w^hich follo-\v adrenalectomy in the dog and those observed after 
extensive injury to major elements of the sympathetic nervous S 3 '^stem in the 
splachnic area. Stiemens (4) has showm that in the dog the adrenal glands are 
in close proximity to the main mass of the coeliac plexus itself. Workers in 
this laboratory have demonstrated that careful infiltration of the area surround- 
ing the adrenal glands with a procaine solution prior to their, removal -will 
prevent the appearance of anj*- sjanptoms of circulatorj’- failure (5). It seems 
clear, therefore, that trauma to adjacent nervous structures must plaj'^ a signifi- 
cant r61e in the production of the circulatory collapse -which follows the single 
stage bilateral adrenalectomy in the dog. 

* Upjohn Research Fellow. 
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In an effort to define more exactly the nervous elements probably subjected 
to trauma at the time of the adrenalectomy, careful dissections vmre made of 
the adrenal region in a number of dogs. While considerable variation in detail 
exists between animals, figure 1 may be taken to represent a typical dissection. 
Dividing the coeliac plexus into its eight major component parts, the two coeliac, 
two superior mesenteric, two adrenal, and two renal (which may be diffuse) 
ganglia, it can be seen that the adrenal glands are immediately adjacent to 
three, and but shortly removed from the other five nerve masses. Numerous 
fibers ramify in the capsules of the glands, linking them to the two adrenal 
ganglia and to the left superior mesenteric ganglion. Damage to these ganglia 
is almost unavoidable during the operation. Further, in some animals the 




Fig. 1. Surgical anatomy of the adrenal gland of the dog. A. Ventral view, vena cava 
removed. B. Dorsal view, dorsal aorta removed. Arrows denote points and direction of 
direct injection with procaine solution. Areas enclosed by dotted lines represent probable 
minimal area of thorough procaine infiltration. 1, coeliac ganglion; 3, superior mesenteric 
ganglion ; S, adrenal ganglion ; 4, renal ganglion ; 5, greater splachnic nerve ; 6, lesser splach- 
nic nerve; 7, least splachnic nerve, a, adreno-lumbar vein; b, adrenal artery; c, lumbar 
artery; d, renal artery; e, coeliac artery;/, superior mesenteric artery; g, dorsal aorta; 
h, vena cava; i, renal vein. 

anatomical association of the glands and the greater splachnic nerves may be 
such that these nerves also are subject to extensive trauma. 

On the basis of these findings, the sinrple procaine infiltration technique de- 
veloped for the single stage bilateral adrenalectomy was modified in that the 
adrenal ganglia, left superior mesenteric ganglion, and greater splachnic nerves 
are carefully freed from surrounding tissue, and direct injections of a 4 per cent 
procaine solution made into the nerves and the mass of the ganglia (fig. 1). 
The close proximity of the right adrenal gland to the vena cava limits the area 
available for direct procaine injection on this side, but connecting nervous 
elements between the adrenal ganglion and the right coeliac and right superior 
mesenteric ganglia can usually be isolated and treated. A generalized bathing 
and infiltration of the tissues surrounding the adrenal glands is then made, the 
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glands cleared by blunt dissection, and removed. A total of 3 to 5 cc. procaine 
solution is used on each side, the amount varying with the ease of infiltration 
and the extent of dilution by peritoneal fluid. , 

It is our impression that the usual minimal area well anesthetized by such a 
procaine infiltration is approximately that shown in figure 1. It is not im- 
probable that this simple procedure is sufficient to completely narcotize the 
whole coeliac plexus. 

Only rarely does an animal subjected to a single stage bilateral adrenalectomy 
survive longer than 24 hours, vdth the usual life span of either untreated or 
desox3^corticosterone acetate treated animals falling between 9 and 14 hours. 
Since developing the procaine infiltration technique, we have routinely pre- 
pared adrenalectomized dogs bj’’ the single stage operation. In a series of over 
50 dogs, there has been not a single clear failure. A t3’'pical post-operative 
recovery is shown in table 1. These animals usually eat -within 6 to 8 hours 
following the operation, show little if an3’' decline in blood pressure, and can be 
maintained on small amounts of desoxycorticosterone acetate.- 

Since the coeliac plexus contains both afferent and efferent fibers of the 
S3anpathetic nervous system, as well as preganghonic fibers of the vagus nerve, 
an3’- or all of three nerve pathwa3’-s may reasonabb'- be assumed to be involved 
in the induction of the circulatoiy failure. However, if it could be shown that 
a protection to the circulation comparable to that obtained by the local infiltra- 
tion •s\dth procaine is afforded by either spinal anesthesia or spinal cord section 
prior to adrenal removal, then the nerve elements concerned could hardly be 
other than visceral afferent fibers. 

Actually, adequate protection is afforded b3' either of these procedures. Firor 
routinely prepares adrenalectomized dogs by a single stage bilateral adrenalec- 
tomy under spinal anesthesia, and the animals can be maintained from the 
time of operation by desoxycorticosterone acetate (6). We have had similar 
results with spinal anesthesia (table 1). The blood pressure of such operated 
animals remains low during the period of the anesthesia, but returns to normal 
levels when the anesthesia wears off. 

The abilit3’- of spinal section to protect against the circulatory failure which 
rapidly follows a single stage bilateral adrenalectomy is illustrated b3'- dog 1, 
table 1 . As was to be expected, the blood pressure fell after the spinal section 
and remained low. The significant point is that the animal recovered well from 
the operation, taking food ivitliin 10 hours of its completion. 

The widespread innervation of the small intestine b}’- sympathetic fibers and 
^’isceral afferents renders plausible the suggestion that the initiating factor in 
the circulatory failure which follows stripping the intestine in the adrenalec- 
tomized dog ma5>- also be an extensive injur3’- to the nervous elements of the 
splanchnic area. Either untreated adrenalectomized dogs, or those given pro- 
phylactic foretreatment -with desoxycorticosterone, show a progressive decline 

- We are indebted to Ciba Pharmaceutical Products, Inc. for generous supplies of the 
desoxycorticosterone acetate (Percorten) used in these experiments. 
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in blood pressure after twenty-five minutes of intestinal stripping, vdth death 
usually occurring at about the ninth hour although the life span may vary from 
6 to 18 hours. Desoxycorticosterone treated dogs subjected to spinal section 
prior to the intestinal stripping show no such progressive decline in pressure 


TABLE 1 

Effect of nerve block on the response of the dog to a single stage bilateral adrenalectomy 


DATE 

TIME 

BLOOD 

pbessdbe 

PULSE 

BLOOD 

SUGAR 

HEMO- 

GLOBIN 

remarks 

Dog 1, 12.0 kgm. Spinal section 



mat. Eg 

per 

minute 

mgm. 
per cent 

grams 
per cent 


1/26 

10:30 a.m. 

120 

100 

84 

1 

15.0 

Spinal cord cut at T-1 

1/28 

10:30 a.m. 

74 

140 

80 

15.1 

Both adrenals removed, no anes- 

9:00 p.m. 

79 

140 

GS 

15.2 

thesia 

Alert, ate food. Given 5 mgm. 







deso.vycorticosterone acetate 



7S 

132 

7S 

15.0 

Good condition, experiment dis- 







continued 


Dog 2, 10.4 kgm. Procaine infiltration of cpeliac area 


2/4 

11:00 a.m. 

9:00 p.m. 

no 

105 

80 

120 

86 

74 

14.6 

14.6 

Both adrenals removed, using 
local procaine infiltration 
j Good condition, ate food. 

. Given 3 mgm. desoxycorti- 
costerone acetate 

2/5 

11:00 a.m. 

108 

84 

80 

14.7 

1 

Normal, experiment discon- 
tinued 


Dog 3, 10.7 kgm. Spinal anesthesia 


4/22 

10:30 a.m. 

130 

84 

92 

15:4 

Both adrenals removed, using 


10:30 p.m. 



1 


spinal anesthesia 


90 

134 

81 

15.4 

Good condition, ate food. 

! 






Given 3 mgm. desoxycorti- 




1 



costerone acetate 

4/23 

10:30 a.m. 

131 

128 

1 

96 

15.6 * 

Normal, e.xperiment discon- 
tinued 


from the lowered level attained after section of the spinal cord, and survive 
well beyond the critical period (table 2). 

^ It has proven difficult to keep the adrenalectomized spinal dog in good condi- 
tion. Regardless of the recovery inten^al allowed after the cord section the 
removal of the adrenals is followed by a gradual failing of the appetite’ and 
geneial health of the animal. After a few days, respiratory infections often 
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TABLE 2 


Eff ect of nerve block on the response of the adrenalectomized dog to intestinal stripping 


DATE 

TIME 

BLOOD 1 
PRESSURE 1 

1 

1 

PULSE 1 

1 

BLOOD 

SUGAR 

HEMO- 

GLOBIN 

REMARKS 

Dog 4, 10.3 kgm. Spinal section. 20 mgm. DCA* 

1 

1 


mm. Bg 

per 

minute 

trtgm, 
per cent 

grams 
per cent 


3/3 

10:30 a.m. 

120 

120 

92 

14.7 

Right adrenal removed, using 




1 

1 



procaine infiltration. Spinal 
cord then cut at T-2, left 
adrenal removed using pro- 
caine infiltration. Intestine 
stripped for 25 minutes 

1 

1:45 p.m. 

66 

96 



Completed stripping 


9:15 p.m. 

68 

no 

76 1 

1 

15.0 


3/4 

12:30 p.m. 

65 

152 

79 

15.3 

Alert, given food and water 

3/5 

10:00 a.m. 

48 

170 

118t 

15.2 

Showing symptoms of respira- 







tory infection. Sacrificed on 
3/6 


Dog5, 13.0 kgtn. Procaine infiltration ofthe coeliac area. 20mgm.DCA* 


3/5 

10:00 a.m. 

1 

1:45 p.m. 

116 

99 

123 

1 

146 


15.1 

Bilateral adrenalectomy with 
procaine infiltration. In- 

testine stripped for 25 
minutes 

Completed stripping 

3/6 

10:15 a.m. 

98 

132 

71 

1 

18.6 

Alert, refused food but took 
water 

3/7 

10:00 a.m. 

100 

130 

74 

18.2 

Appears normal, experiment dis- 
continued 


Dog6, 10.6 kgm. Procaine infiltration of the coeliac area. 20mgm. DCA* 


3/6 

1 

i 

11:45 a.m. 

3:30 p.m. 
9:30 p.m. 

121 

100 

72 


71 

52 

15.1 

15.6 

Bilateral adrenalectomy with 
procaine infiltration. In- 

testine stripped for 25 
minutes 

Completed stripping 

3/7 

9:30 a.m. 

66 

1 

i 162 

76 

15.6 

Sluggish, took food and water 

3/8 

9:30 a.m. 

93 

108 



Appears normal, experiment dis- 







continued 
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TABLE 2 — Concluded 


PATE 

TIME 

BLOOD 

PRESStrilE 

PITLSE 

BLOOD 

SPGAB 

eemo- 

i GLOBIN 

remarks 

I 

Dog 7, 

adrenalectomized, cortical extract maintenance therapy, 10.3 kgm. Spinal anes- 
thesia. 20 mgm. DCA* 

4/18 

10:00 a.m. 
11:30 a.m. 

mm. Sg. 

128 

71 

ter 

minute 

124 

76 

mgm. 
ter cent 

grams 
per cent 

11.8 

Intestine stripped for 25 minutes 
Completed stripping, spinal 
anesthesia maintained for 5 
hours 

4/19 

11:30 a.m. 

131 

1 

1 140 

1 

\ 

1 

14.8 

Normal 

Dog 8. 

adrenalectomized, cortical extract maintenance therapy, 10.9 kgm. Spinal anes- 
thesia. 20 mgm, DCA* 

4/27 

j 11:30 a.m. 
12:30 p.m. 

8:00 p.m. 

112 

80 

98 

132 

140 

192 

84 

68 

12.4 

14.0 

Intestine stripped for 25 minutes 
Completed stripping, spinal 
anesthesia maintained for 5 
hours 

4/28 

12:30 p.m. 

118 

140 

73 

13.7 

Normal 


* Desoxycorticosterone acetate given in four intramuscular injections of 5 mgm. each 
at 18, 12 and 2 hours before, and at the time of operation, 
t Dog received food several hours before sample. 


intervene, requiring the eventual sacrifice of the animal. We feel that this 
failure can be attributed, in part at least, to an inability of desoxycorticosterone 
to adequately maintain the spinal adrenalectomized animal. The use of cortical 
extract for maintenance was obviated because of the protective action it would 
have had in preventing circulator^’' failure foUo'^^’ing the intestinal stripping 
which was to follow. The minimal maintenance level of cortical extract is 
apparently increased to an appreciable extent after the cord section. The ex- 
perimental procedure was therefore modified so that spinal section single stage 
bilateral adrenalectomy and the intestinal stripping were all performed at a 
single sitting. Thorough infiltration of the adrenal area udth 4 per cent pro- 
caine was made at the time of adrenalectomy. Successful prevention of any 
symptoms of circulatory failure following this drastic operative procedure have 
been regularl}’' accomplished. 

Since this latter technique involves procaine infiltration of the coeliac region 
as well as spinal section, the question at once arises whether it is not possible 
to pi event the circulatoiy collapse which follows intestinal stripping by procaine 
infiltration of the nerves and ganglia of the splanchnic area alone. The animals 
cited in table 2 show clearly that this is often possible. Of a series of seven 
dogs, but four have shown uneventful recoveries and been successfully main- 
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tained on desoxycorticosterone acetate. Failures following the use of this 
procedure probably reflect an inadequacy of thorough infiltration; at least, in 
every case where the operators were convinced at the end of the operation that 
the procaine infiltration had been complete and adequate, the animals survived 
after the intestinal stripping. When the infiltration was doubtful, either be- 
cause of a confined operative area or undue dilution of the procaine by blood 
oozing from small vessels or seepage of peritoneal fluid, the animals failed to 
recover. 

Spinal anesthesia will also adequately protect the adrenalectomized dog 
against the circulatory failure following intestinal stripping. Vigorous adrenal- 
ectomized dogs receiidng a bare mamtenance dose of cortical extract were used. 
Extract was discontinued the day previous to operation and a priming dose of 
desoxycorticosterone substituted (table 2). Spinal puncture was performed at 
the level of the fifth lumbar vertebrae and 2.5 cc. of a 2 per cent procaine solu- 
tion injected. A small dose of nembutal is given intravenously previous to 
spinal puncture. At intervals varying from one to two hours, for the first five 
hours following stripping, 1 cc. doses of the 2 per cent novocaine solution are 
injected into the cord in order to prolong the spinal anesthesia. The needle is 
left in the spinal canal throughout the entire procedure. Animals so treated 
show no sign of circulatorj’- failure and after recovery from the anesthetic are 
active and vigorous. 


DISCUSSION 

The evidence seems clear that trauma to nervous elements in the splanchnic 
area is an initiating factor in the induction of circulatory failure which follows 
both the single stage bilateral adrenalectomy and the intestinal stripping in the 
adrenalectomized dog. Since a thorough infiltration of the coeliac plexus with 
procaine will protect the animal against both procedures, one might conclude 
that the nerve pathways involved are common to both. In as much as spinal 
section or spinal anesthesia also affords adequate protection against the circu- 
latorj’’ failure, the visceral afferent fibers are apparently responsible. It seems 
not improbable that barrages of nociceptive stimuli arising in the area of injury 
will induce extreme excitation of the vasomotor centers, eventuating in intense 
vasoconstriction of peripheral vessels over the bod 3 ^ There is no reason to 
suspect an exhaustion of the vasomotor centers, themselves. It is rnore prob- 
able that the passage of these afferent impulses to higher centers, unless pre- 
vented hy spinal section, spinal anesthesia, or procaine infiltration of the coeliac 
plexus and major splachnics, would lead to gradual exhaustion of some part of 
the peripheral vasculature and the consequent development of circulatory 
failure. 

Of the blood chemistrj>' changes associated with the circulatoiy failure follow- 
ing the two stress procedures under discussion, onlj’’ the tendency for a decline 
in blood sugar seems important (2) . It is not our belief that the S 3 ’’mptoms of 
circulatory failure can be clearb^ attributed to a low blood sugar level, but 
that the blood sugar change is probably reflecting some deep-seated derange- 
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ment in carbohydrate metabolism. We do not know how much of this tendency 
toward a lowered blood sugar can be attributed directly to the trauma of the 
nervous elements of the splanchnic region (cf. 7). A direct correlation seems to 
exist, however, between the capacity which the various adrenal steroids possess 
in protecting against chculatory failure and the activity they show in main- 
taining normal carbohj'’drate metabolism in the body (1). For example, 
17-hydroxy-ll-dehydrocorticosterone, which -possesses marked carbohj^drate 
activity, adequately protects the adrenalectomized dog against circulatory 
failure after all stress procedures employed. Assuming that the presence of 
these carbohydrate active steroids is essential for the maintenance of a normal 
carbohydrate cycle, and hence normal function in all tissues of the body, then 
the ability of the vascular periphery to sustain normal function, in the face of 
the prolonged stimulation to which it would be subjected as a result of the 
trauma to nervous elements of the splanchnic area, would be reduced in the 
adrenalectomized dog given only desoxycorticosterone therapy. For desoxy- 
corticosterone, unhke corticosterone, 17-hydroxj''-ll-deh5'-drocorticosterone, and 
whole adrenal cortical extract, shows no carbohydrate activity. 

The eventual circulatory failure in the desoxycorticosterone treated adrenalec- 
tomized dog could then be absciibed to two major factors. The first is the 
intense nervous bombardment of the vascidar peripheral apparatus via the vaso- 
motor centers resulting directly from extensive trauma to visceral afferent nerves 
in the splanchnic area. The interruption of the nervous pathway to the higher 
centers by spinal section, spinal anesthesia, or local procaine anesthesia, will 
indirectly protect the end organ against exhaustive stimulation and hence pre- 
vent the circulatoiy collapse. The second factor Avould be the lessened ability 
of the end organ to maintain noimal function in the face of this intense stimula- 
tion, a deficiency related to the absence of carbohydrate active adrenal hormones. 


SUaiMART 


1. All symptoms of the circulatory failure which normally follow bilateral 
extirpation of the adrenal glands of the dog at a single operation, can be pre- 
vented by a thorough infiltration of the sympathetic elements adjacent to the 
glands prior to the adrenal removal. Anatomical dissection shows that the 
elements involved are the major parts of the coeliac plexus. 

2. Spinal anesthesia and section of the spinal cord at T-1 or 2 affords com- 
parable protection against the circulatoiy failure. 

3. ^ The circulatoiy failure following a twenty-five minute gentle stripping of 
the intestine can likeuose be prevented by spinal section, spinal anesthesia, or 
thorough infiltration of the coeliac area with procaine. 

4. It is concluded that trauma to idsceral afferent elements in the splachnic 
area, leading presumably to intense reflex stimulation of the peripheral vascula- 
ture rua the vasomotor center, is an initiating factor in the production of 

c iiculatorj^ failure m both intestinal stripping and bilateral adrenalectomy at a 
single stage operation. ak d, 
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The pressor action of pituitrin, barium chloride, nicotine and splanchnic 
nerve stimulation is greatly reduced in severe adrenal insufficiency in the cat, 
while that of epinephrine is but little impaired (1, 2, 3, 4, 5, 6). The congested 
state of the abdominal viscera, found at autopsy, in such animals suggested that 
a loss of contractility might have occurred in splanchnic blood vessels, which 
would account, at least in part, for the reduced pressor responses to pitressin 
and barium chloride (5). Since it had been found that epinephrine caused con-- 
striction of at least some of these vessels in adrenal insufficiency, the apparent 
ineffectiveness of splanchnic nerve stimulation and of nicotine, as judged by 
the effect on blood pressure, seemed anomalous. To explain tliis it was sug- 
gested that the store of sympathin at adrenergic nerve endings had become 
depleted (5). More recent work indicates that there is no substantial depletion 
of splanchnic sympathin in adrenalectomized cats up to the time of final collapse 
which was thought to be a result of cardiac failure (6). 

In the present paper, further observations regarding the responsiveness of 
splanchnic vessels and, incidentally, of the smooth muscle of the small intestine 
of cats in adrenal insufficiency -will be presented. A brief report (7) on this 
investigation was made in 1939. 

Methods. All obseiwations were made on cats anesthetized with nembutal. 
Practically the whole length of the small intestine was placed in a plethysmo- 
graph contaming cotton soaked in warm saline on which the bowel rested. The 
chamber of the plethysmograph was covered by a glass plate sealed by vaseline 
and connected to a Marey tambour which recorded intestinal volume changes. 
No stress is placed on minor differences found in gut volume changes in these 
experiments. Carotid blood pressure was also recorded, using a mercury 
manometer. (Parke, Davis and Company pitressin and Connaught Labora- 
tories epinephrine were used.) 

Experiments were carried out on three groups of animals: 1, on normal cats 
acutely adrenalectomized, i.e., immediately before the plethysmograph experi- 
ment; 2, on healthy adrenalectomized cats maintained by cortin for four to 

eighteen days; 3, on moribund, adrenalectomized cats dying of adrenal insuf- 
ficiency. 

Results.^ 1. Pressor responses. The pressor responses elicited by stimula- 
tion of the light splanchnic nerve (in the abdomen) and by various pressor drugs 
m the three groups of adrenalectomized cats are listed in table 1. In adrenal 
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insufficiency the pressor responses, with the exception of that to epmephrine, 
were very much less than in the cats of groups 1 and 2. 

The degree of impairment of the responses in the cats suffering from adrenal 
insufficiency was not so great as in many previously observed cases in which 
the gut was not plethysmographed (5). This was due to the slightly less ad- 
vanced stage of adrenal insufficiency at which the present experiments were 
done. Waiting an hour or two till the condition became more severe would 
have greatly increased the risk of the animals dying before the more complicated 
plethysmograph set-up could be completed. 

The significance of a generally smaller pressor response in cortin-treated cats 
than in the acutely adrenalectomized group is questionable in view of the limited 
number of experiments. Moreover, the smaller amount of nembutal required 


TABLE 1 

Pressor responses in adrenalectomized cats 


CATS 


AVERAGE INCREASE IN BLOOD PRESSURE FOLLOWING 


1 

1 

Stimulation 

Injection of drugs’ 

Group 

No. 

of rt. 

splanchnic 

nerve 

Epinephrine, 
0.04 mgm. 

Pitressin, 2 
units 

Barium 

chloride, 

2S mgm. 

Group 1: 


mm. Rg 

mm. Bg 

mm. Bg 

mm. Bg 

Acutely adrenalectomized 

Group 2: 

13 

56 

79 

47 

73 

Cortin-treatedf 

Group 3: 

4 

83 

59 

41 

73 

Adrenal insufficiency 

5 

7 

69 

9 

18 


* Drugs injected intravenously by femoral vein over a ten-second period in volume of 


1 cc. 

t Maintained four to eighteen days . 

to produce satisfactory'' anesthesia in the cortin-treated group may mean that 
depressor reflexes were not so effectively dampened. It is of interest that 
splanchnic nerve stimulation in cats under urethane anesthesia had a greater 
pressor effect in cortin-treated than in acutely adrenalectomized animals (6). 

2. Volume and vessel changes in the plethysmographed intestine. The plethys- 
mographed intestine showed the folio-wing changes elicited by the various 
procedures : 

Splanchnic nerve stimulation: (1) In the acutely adrenalectomized group: A 
marked decrease in gut volume and visible constriction of vessels in the mesen- 
tery and intestinal wall occurred simultaneously with the rise in blood pressure 
(fig. la). Following the initial decrease in gut volume there was an increase 
above the resting level. In those cases in which the stimulation was prolonged 
for a minute or more, the increase in volume occurred before the stimulation 
was stopped. Increase in volume was associated with defimte relaxation of the 
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bo,vel, though the visible vessels .emamed eonstvieted. The volume oi blood 
in non-constricted vessels probably was increased. 

(2) In the corlin-treakd froup: The findings were similar to those m Poup , 
exfpt toal no secondar/ increase in gut volume and little or no relaxation 
beyond the resting level occurred. 



(a) (b) 

Fig. 1. Changes in volume of plethysmographed intesti-'ie (upper tracing) and pressor 
response (lower tracing) in adrenalectomized cats, in this and all other figures. Arrows 
indicate simultaneous points in time.) (a) Acutely adrenalectomized cat; right splanch- 
nic nerve stimulated supramaximallj’ in abdomen, (b) Cat in severe adrenal insufRcienc 3 '': 
right splanchnic nerve stimulated supramaximally in abdomen. 

(3) hi the adrenal insufficiency group: The visible changes in vessels and the 
recorded decrease in gut volume appeared to be as marked as in the previous 
groups. There was no secondary increase in gut volume or relaxation of the 
intestine and little rise in blood pressure (fig. lb). 

Epinephrine: (1) Acutely adrenalectomized group: A marked decrease in gut 
volume and visible constriction of splanchnic vessels occurred three or four 
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seconds following the onset of a rise in blood pressure (fig. 2a). While the 
blood pressure was still elevated, the gut volume increased to a point considerably 
beyond the resting level. This was associated vdth obvious relaxation of the 
bowel. 

(2) Coriin-treated group. All reactions were similar to those in the previous 
group. 



(a) (b) 

Fig. 2. (a) Acutely adrenalectomized cat: 0.04 mgm. epinephrine injected in- 
travenously. (Same cat as fig. la.) (b) Cat in severe adrenal insufficiency; 0.04 rogm. 
epinephrine injected, intravenously. (Same cat as fig. lb.) 


(3) Adrenal insufficiency group. The gut volume increased slightly simul- 
taneously vath, and probably as a result of, the initial rise in blood pressure. 
The blood pre.ssure had lisen considerably before constriction of the splanchnic 
vessels and decrease in gut volume occurred (fig. 2b). These changes were of 
the same type as those seen in the healthj'- groups, except that the time elapsing 
between the onset of the pressor effect and the splanchnic changes was more 
than twice as great in the moribund animals, indicating reduced circulation 
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time. The secondary increase in gut volume beyond the resting ^ 

groups 1 and 2 did not occur in the adrenal insufficiency p-oup despite the iact 
that the pressor response was marked. Only once was slight le axa ion 

bowel observed. . , t j • 

Pitressin: The character and degree of changes in the vessels and intestine 

seemed to be the same in all three groups of cats. The diameter of the larpr 
splanchnic arteries in the mesentery seemed to constrict first. Then, blanc iing 
and strong contraction of the intestinal wall developed and the gut volume fell. 



(a) (b) 

Fig. 3. (a) Acutely adrenalectomized cat: 2 units pitressin injected intravenously, 
(b) Cat in severe adrenal insufficiency: 2 units pitressin injected intravenously. 

A slight increase in peristalsis was observed. The reduction in the gut volume 
was prolonged. The blood pressure had risen a little by the time the splanchnic 
i-essels constricted. In the adrenal insufficiency group, the pressor effect was 
slower in developing and also less marked than in the other two groups. Figure 3 
(a) illustrates the pressor effect and gut volume changes in an acutely adrenal- 
ectomized cat, and (b) in a cat in adrenal insufficiency. 

Barium chloride: The changes in the plethysmographed intestine were the 
same m all three groups. The gut first became pale, and the volume decreased 
a few seconds after the onset of a rise in blood pressure. The volume decrease 
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was not SO marked as -with the other procedures, particular^ in the cats that 
had previously received pitressin. The initial decrease in gut volume was 
followed in a few seconds by a profound and prolonged increase above the resting 
level. Similar observations on rabbits were made by 'Wliite (8). The increase 
in gut volume was due to intense engorgement of intestinal vessels. The gut 
rapidly assumed a e3'^anotic hue. Concurrent^'- with the vascular changes, local 
and variable contractions of the intestine were seen. Peristalsis increased, and 
as the gih became engorged and cj'anotic it appeared to relax. Figure 4 (a and b) 
illustrates the pressor and graphical^’- recorded pleth3’^smograph changes. 



mm 


^5 rn.g BoCl; 


mmHd 



Z5 m 3 . BaCIa 


(a) (b) 

Fig. 4. (a) Acutely adrenalectomized cat: 25 mgm. barium chloride injected 
intravenously, (b) Cat in severe adrenal insufficiency: 25 mgm, barium chloride in- 
jected intravenously. (Both cats had received pitressin previously.) 


It was also found that splanchnic nerve stimulation or the administration of 
epinephrine during the period of increased gut volume elicited 63'- barium 
chloride caused a marked decrease in the volume. 

3 . Other changes in the small intestine. A noteworth3’- feature, which to our 
Icnowledge has not been remarked upon, is the highl3'- contracted state of the 
small intestine of most cats dying of adrenal insufficienc3A Since these animals 
eat little in the last few days of life, the gut general^'' is empt3A In order to 
determine whether this was the reason for the contracted state and to insure 
that the controls were comparable in point of intestinal content, some of the 
animals in group 1 were starved for a number of da3’-s similar to the period of 
anorexia shown b3’- cats developing adrenal insuffieienc3A These starved con- 
trol animals all showed marked relaxation of the intestines. This indicates 
that the contracted intestine of animals d3'^ing in adrenal insufficienc3'' is related 
to some other .state associated with adrenal insufficienc3L To determine whether 
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it was related to decreased blood volume, characteristic of adrenal insufficiency , 
a moribund cat with its gut in the plethysmograph was given 85 cc. physiological 
saline intravenously. Folloiving this, the gut relaxed somewhat and the pulse 
pressure increased but the blood pressure only rose from 24 to 30 n^. Hg. 
Splanchnic nerve stimulation and the injection of epinephrine within eight 
minutes of the administration of saline each caused the usual reduction in gut 
volume, but this was followed by a marked increase in volume and by a relaxa- 
tion of the intestine of the type seen in healthy adrenalectomized cats and not 
obtained in the animal dying of adrenal insufficiency, prior to the saline infusion. 
Relaxation of the intestine following splanchnic nerve stimulation can not have 
been due to the associated increase in blood pressure (10 mm. Hg) for tliis was 
no greater than that obtained by splanchnic nerve stimulation prior to the 
infusion of saline when no relaxation of the gut occurred. Circumstances pre- 
vented the repetition of this experiment. 

Discussion. In the present study it has been shown that splanchmc blood 
vessels of cats in severe adrenal insufficiency constricted when the nerves 
supplying them were stimulated. Therefore, there was no exhaustion of sym- 
pathin at the adrenergic nerve endings in this region. The poor pressor response 
attending splanchnic nerve stimulation could not have been dependent on func- 
tional defect in the nerves or the vessels they supplied. This confirms findings 
previously reported (6) and also weighs against Seeker’s view (9, 10) that 
adrenalectomy leads to a loss of function of sympathetic vasoconstrictors. 

Pitressin and barium chloride injected intravenously also caused constriction 
of vessels in the splanchnic region in adrenal insufficiency. The effect of barium 
chloride was predominantly on the veins. These observations rule , out the 
hypothesis pre-viously advanced (5) that loss of responsiveness of blood vessels 
to pitressin and barium chloride is the reason for the poor pressor effect follow- 
ing their injection in severe adrenal insufficiency. They also refute the allega- 
tion of inadequate dosage advanced by Remington et al. (11) as the explanation 
of this phenomenon. 


The normal pressor effect elicited by epinephrine in adrenal insufficiency 
would seem to be due to the cardiac stimulating effect of this drug, since it did 
not produce greater constriction of mesenteric and intestinal wall vessels than 
splanclmic nerve stimulation or pitressin which caused so little rise in pressure. 
This view is supported by the observation of Clark (12) that the constriction, 
elicited by epinephrine, of the vessels of the intestine in normal cats is very 
tiansient. As a result of his studies, Clark concluded that increased cardiac 
output probably is the most important factor in the rise in blood pressure 
resulting from epinephrine action. 


Splanclmic nerve stimulation, pitressin, and barium chloride cause no sub- 
stantial pressor effect in adrenal insufficiency though, apparently, they exert 
the same marked degree of peripheral vasoconstriction as normally. This fail- 
ure to cause the usual rise in blood pressure may be due to the inadequate 
response of the heart to mcreased peripheral resistance. Normally the heart 
responds to an mcrease m peripheral resistance by dilatation and an increase 
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in work done, while the blood pressure rises (13). In adrenal insufficiency, it 
would seem that the heart has lost the capacity to perform more work under 
the stimulus of increased resistance. Dilatation does not provoke discharge of 
the ventricular content. Visual inspection of the heart of animals dying in 
adrenal insufficiency shows it to be overly dilated and contracting feebly. It 
stops in diastole. The heart is implicated too in the cardiovascular failure by 
the fact that the terminal decline in blood pressure is associated with a decreas- 
ing heart rate (3). 

This interpretation of the failure of increased peripheral resistance to cause 
a rise in blood pressure comparable to that seen in health^’- adrenalectomized 
animals makes possible a re-interpretation of the findings of Remington 
et al. (11). These investigators say that their failure to obtain the usual pres- 
sor effect with renin and other pressor agents in adrenal insufficiency in dogs is 
due to disturbance of the “vascular peripheral apparatus/’ but they have not 
shown that there is any impairment in the power of these agents to constrict 
blood vessels. On the basis of our findings, it seems probable that their results 
may have been due to a failure of the heart to respond to the stimulus of in- 
creased peripheral resistance in the same manner as in healthy controls. 

It should be noted that the pressor dmgs employed aU caused the blood 
pressure to rise before causing constriction of splanchnic blood vessels. This 
is attributable to an effect on those parts of the cardiovascular tree first reached 
by these drugs, e.g.: the pulmonary system and, in the case of epinephrine, 
the heart as well and more particularly. 

The increase in volume of the plethysmographed intestine, following the 
preliminary decrease in response to epinephrine, observed in our healthy ani- 
mals has been described by White (8) and Clark (12) in non-adrenalectomized 
cats. In Clark’s opinion it is due to an increase in the amount of blood in the 
intestine where constriction does not last as long as, for example, in the sMn. 
It is a result largely of passive dilatation of the vessels in that region due to the 
raised blood pressure. Section of the splanchnics excluded depressor reflexes as 
a cause. The observations of White indicate that a persistence of constriction 
of mesenteric veins after relaxation of arterioles is an important factor in the 
increase in intestinal volume mth epinephrine. In some of his experiments 
as in ours, in adrenal insufficiencj’' — ^no secondary increase in volume occurred. 
In such cases White observed that arterioles and veins recovered simultaneously 
from the constricted state. 

Our experiment on a cat in adrenal insufficiency, in which the intravenous 
injection of a large amount of phi’^siological saline restored the intestinal re- 
sponses to normal, indicates that either the reduced blood volume or a disturb- 
ance in the ionic ration of sodium, chloride and potassium in the gut w^as respon- 
sible for the contracted state of the intestine and abnormal responses. 

SUMMARY 

In cats dying of adrenal insufficiencj'’, splanchnic nerve stimulation or the 
intravenous injection of pitressin or barium chloride constricts blood vessels 
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in the splanchnic region as in healthy adrenalectomized controls. The pressor 
response to these procedures in adrenal insufficiency was poor while that elicited 
by epinephrine was practically unimpaired. The retention of the pressor effect 
by epinephrine is attributed to its cardiac stimulating action. It is concluded 
that splanchnic ner\m stimulation, pitressin and barium chloride cause but poor 
pressor response in adrenal insufficiency because the heart fails to respond 
normally to an increase in peripheral resistance. 

The contracted state of the small intestine in moribund adrenalectomized 
cats is remarked upon and the absence of relaxation attending splanchnic nerve 
stimulation or the injection of epinephrine. E\ddence indicating that this 
abnormal reaction may be related to blood volume deficiency or to alteration 
in blood electrolytes is presented. 
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This report deals -with the results of blood volume estimations carried out 
during the course of experiments investigating some aspects of shock. The 
animals used were unselected and untrained dogs of mixed sex and breed. The 
literature concerning the estimation of blood volume in dogs has been dealt -with 
adequately in the papers referred to below. 

Methods. Plasma volume was measured by the use of the dye T 1824 in a 
sterile 1 per cent solution (1). A standard concentration curve was prepared / 
as described previously (2) , using the Eveljm photoelectiic colorimeter. 

The animals used had been in the laboratory on an average of a week. They 
varied in weight from 4 to 19 kgm.; only 6 were more than 13 kgm. The dogs 
were fasted 15 to 18 hours before the blood volume estimation was carried out. 

No sedative or anesthetic was used. At the beginnmg of each experiment a 
control sample of blood (3-4 cc.) was dra\vn under oil from a leg vein, and the 
dye was then injected, tlie amount used in most cases being 1 cc. of the 1 per 
cent d 3 ’’e solution diluted with saline to 8-10 cc. Further blood samples were 
taken at 30, 60 and 90 minute intervals from one of the opposite leg veins. This 
interval of 30 minutes before taking the first dye sample allowed thorough mixing 
of the dye to take place, ajid its disappearance rate to become uniform. 

The density values of the d 3 ''e T 1824 in the various samples were d^teimined 
on 0.5 cc. serum samples, using filter 635 in the Evel 3 m photoelectric colorimeter 
and a correction for an 3 ’’ possible hemolysis was made according to the method 
described by Gibson and Evebm (3). Estimations of the packed volume of red 
blood cells were made on heparinized blood. The animals were not tied to a 
table during the determination but left in a cage. Care was taken to avoid 
excitement b 3 '^ careful handling. Some animals were nevertheless excited at 
first and in these the initial packed cell volume was considerably higher than in 
subsequent samples, presumabb’" due to this cause. In such cases the initial 
value was discarded and an average of the lower subsequent values taken as the 
per cent cell volume for this paper. 

The red cell volume was calculated by use of the formula 

Plasma volume X Per cent cell volume _ volume. 

Per cent plasma volume 

Total blood volume was obtained b 3 '’ adding the red cell and plasma volumes 
together. The experiments were done during the months November to Apiih 

Results. The plasma volume and red cell volume in terms of cubic centi- 
meters per Idlogram of body weight, together with the per cent cell volume 
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TABLE 1 


Plasvia and cell volume in 108 normal dogs 


poo NO. 

SEX A 

) I 

HEIGHT N 

acked 

R.B.C. 

■ 

'OLVitE ^ 
ED CZU. 

OG NO. 

■ 


PACKED 

VOLUME 

R.B.C. 


"• 


igm. 

1 

c./igm. 

rx./kgm. 



kgnt. 


cc.lkgm. 

1 

F 

6.06 

44 

42.7 

33.7 

54 

F 

6.65 

44 ■ 

47.8 

2 

M 

9.4 

48 

43.6 

40.3 

55 

P 

6.88 

39 

44.2 

3 

F 

10.5 

42 

48.9 

35.5 

56 

F 

5.8 

, -50 

38.4 

4 

F 

8.75 

39 



57 

F 

7.0 

42 

46.2 

5 

F 

10.4 

29 

54.6 

24.3 

58 

F 

4.7 

41 

48.0 

6 

M 

8.8 

38 


36.5 

59 

F 

6.95 

43 

38.8 

7 

M 

8.45 

44 

49.4 

38.8 

60 

F 

6.67 

41 

49.8 

8 

F 

10 

44 


39.9 

61 

M 

9.9 

47 

42.2 

9 

F 

6 

37 

60.1 

36.2 

62 

F 

8.15 

■35 

48.0 

10 

F 

7.9 

45 

42.1 

35.2 

63 

F 

9.2 

46 

•57.9 

11 

M 

9.34 

41 


32,1 

64 

M 

7. 78 

43 

45.5 

12 

M 

10.09 

45 

Kan 

40.9 

65 

M 

8.3 

46 

46.6 

13 

F 

6.3 

40 

64.6 

43.0 

66 

F 

12.25 

44 

35.0 

14 

F 

6.9 

45 

57.9 

47.4 

67 

M 

7.93 

46 

36.8 

15 

F 

6.6 

45 

55.1 

45.2 

68 

M 

15.5 

36 

42.3 

16 

M 

9.35 

42 

54.9 

40.5 

69 

F 

7.23 

47 

48.2 

17 

F 

6.5 

45 

38.0 

30.9 

70 

M 

7.28 

46 

55.0 

IS 

F 

8.5 

45 

45.4 

37.4 

71 

F 

8.3 

40 

49.2 

19 

M 

11.9 

40 

52.1 

35.5 

72 

F 

5.5 

50 

44.3 

20 

? 

11.7 

40 

51.5 

40.5 

73 

F 

7.0 

31 

54.5 

21 

P 

7.47 

45 

54,5 

44.6 

74 

M 

10.6 

40 

48.0 

22 

M 

11.75 

46 

54.7 

46.4 

75 

M 

6.38 

38 

47.8 

. 23 

M 

13.2 

37 


31.7 

76 

M 

6.16 

43 

52.4 

24 

M 

14.4 

40 

56.0 

38.0 

77 

F 

11.7 

47 

31.8 

25 

F 

9.4 

41 

34.4 

23.9 

78 

M 

12.55 

44 

37.1 

26 

F 

10.2 

41 

46.5 

28.5 

79 

n 

12.25 

33 ' 

62.7 

27 

F 

10.8 

46 

43.2 

37,6 

80 


11.57 

33 

62.8 

28 

F 

8.9 

35 


22.0 

81 

M 

7.95 

49 

38.1 

29 

F 

7.8 

41 


35.6 

82 

F 

8.62 

45 

42.4 

30 

M 

8.6 

41 

53.7 

38.1 

83 

F 

10.9 

49 

32.4 

31 

F 

7.6 

39 

55.0 

35.1 

84 

M 

10.3 

48 

32.9 

32 

F 

7.6 

52 

42.9 

46.5 

85 

F 

19.5 

35 

39.0 

33 

M 

9.2 

44 


31.7 

86 

F 

6.19 

49 

40.5 

34 

F 

8.9 

47 

43.6 

38.6 

87 

M 

7.5 

41 

46.7 

35 

F 

9.5 

39 

42.7 

27.3 

S8 

F 

6.75 

45 

38.4 

36 

F 

9.3 

44 

48.2 

37.9 

89 

M 

7.87 

45 

50.8 

37 

F 

6.8 

45 

48.3 

39.4 

90 

F 

6.67 

44 

54.0 

38 

M 

9.8 

47 

54.6 

48.5 

91 

M 

8.29 

39 

56.4 

39 

F 

17.2 

46 


34.5 

92 

F 

7.0 

44 

55.6 

40 

P 

6.9 

39 

54.4 

34.8 

93 

F 

7.59 

44 

39.4 

41 

F 

9.1 


44.5 

33.6 

94 

F 

8.87 

29 

57.0 

42 

F 

8.7 

37 

49.4 

29.6 

95 

M 

7.83 

42 

51.3 

43 

F 

8.35 


44,9 

29.9 

96 

M 

9.46 

41 

48.1 

44 

F 

6.25 

42 

56.8 

41.1 

97 

M 

10.09 

41 

47.3 

45 

M 

7.4 

38 

51.8 

31.8 

98 

M 

7.5 

39 

42.5 

46 

P 

6.3 

43 

48.9 

36.9 

99 

F 

6.6 

SO 

37.0 

47 

iM 

7.8 

39.5 

45.4 

29.6 

100 

M 

6.07 

39 

57 0 

4S 

P 

7.6 

mm 

48.7 

33.2 

101 

[■9 

11.56 

28 

54.1 

49 

F 

9.93 

38 


56.8 

102 

IBS 

8.3 

38 

50 9 

50 

M 

11.03 

36 

57.3 

32.2 

103 

IB3 

5.5 

44 

48 7 

51 

F 

7.35 

39 


30.7 

104 

M 

7.17 

45 

43 9 

52 

I\I 

9.8 


48.4 

32.3 

105 

M 

9.4 

48 

40 5 

53 

F 

4.7 

42 

mi 

34.0 

106 

. M 

12.1 

45 

49.8 


vocauE 
,REP CEtL 


cc./ksm. 

37.6 

27.8 

38.4 

33.5 

33.4 
28.1 

34.5 

37.4 

25.8 

49.2 

34.4 

39.8 

27.4 

31.4 

23.8 

42.6 

46.6 

32.8 
I 44.3 
I 24.3 
I 31.1 

29.7 

39.6 

28.2 

29.7 

30.8 

30.8 

36.7 

34.7 

31.1 

30.4 
21.0 

39.0 

32.5 

31.4 

41.7 

42.5 

36.0 

43.7 

31.0 

23.3 

37.3 

33.4 

32.7 

27.2 

37.0 

36.0 

21.1 

31.2 

36.6 

35.9 

38.2 

41.4 


381 












382 


D. D. BONNTCASTLB AND R. A. CLEGHORN 


values from estimations on 106 different animals weighing from 4.7 to 19.5 
kgm., are given in table 1. Figures 1 and 2 present the frequency distribution of 
the plasma volumes and total blood volumes expressed ^ cubic centimeters 
per kilogram. 

The range of plasma volumes found was 31.8 to 64.6 cc./kgm., of cell volume 
21 to 49.2 cc./kgm. and for total blood volume 60 to 107.5 cc./kgm. Our 
findings mth regard to plasma volume correspond verj^ closely to those reported 
by Gregersen and Stewart (1), who vith the same dye method obtained a range 
of 35 to 65 cc./kgm. in a large series of animals; no calculations of total blood 
volume were made in their report. 

Gibson, Keeley and Pijoan (4) have described results of plasma volume 
studies in 50 dogs weigliing from 5 to 30 kgm. They also used the dye T 1824 
and obtained values for plasma volume ranging from 41.2 to 51.7 cc./kgm., for 



CUBIC CENTlM’CTRCS PER KqW- CUBtC CENTIMCTBES PER >^'1^ 


Fig. 1 Fig, 2 

Fig. 1. Frequency distribution of plasma volumes of 106 unselected dogs. (Median 
48 cc./kgm.) 

Fig. 2. Frequency distribution of total blood volumes of 106 unselected dogs. (Median 

82.1 cc./kgm.) 

cell volume 36.4 to 54.6 cc./kgm. and for total blood volume 84 to 97.3 cc./kgm. 
They also showed that the larger dogs tended to have a larger plasma, cell and 
total blood volume per kgm. body Aveight. The great majority of our animals 
weighed less than 13 kgm. l^ffien our results are compared to those on the 14 
animals of Gibson et al. which weighed less than 13 kgm., the plasma volumes 
agree very closely, the averages within 1 per cent. Our cell volumes were on 
the Avhole lower than those obtained bj'^ these workers, our average value being 

34.1 cc./kgm., theirs 40.5 cc./kgm. on the 14 dogs under 13 kgm. If they 
used jugular (source of venous blood not stated) rather than leg vein blood, 
their higher result would be e.xplained, in part at least, since the packed red cell 
volume is greater in the larger than in the smaller vessels (1). 

No consistent differences were observed between the average cc./kgm. value 
of plasma and total blood volumes between male and female animals in our 
experiments, in agreement vdth the observations of the above authors (4). 
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The spread of values in plasma volume and total blood volume is shoum in 
the graphs, and the figures assume the configuration that might be expected in 
a group of animals, unselected vith respect to sex, age, breed, muscularity or 
adiposity, factors -which are suspected as affecting the unit volume of plasma 
and total blood. 

SUMMARY 

Plasma volume estimations were carried out on 106 normal, unselected dogs 
of from 4.7 to 19.5 kgm., only 5 of which were more than 13 kgm. In terms of 
cubic centimeters per kilogram, plasma volume ranged from 31.8 to 64.6 cc., 
cell volume from 21 to 49.2 cc. and total blood volume from 60 to 107.5 cc. No 
significant difference was noted between the average cc./kgm. value of plasma 
and total blood volumes between males and females. 
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Since considerable work has been done on the water equilibria in pregnancy, 
it was supposed that a study of the distribution of water and electrolytes in 
muscle from pregnant dogs would provide useful data. The distribution of 
water and electrolytes in nomial mammalian muscle having been established, a 
study of the muscle removed from pregnant dogs would define the relative 
proportions of extracellular and intracellular water in the pregnant organism. 
This report, therefore, will present data to show first, that the concentration of 
electrolytes and the volume of extra and intracellular fluids of skeletal muscle 
from pregnant dogs were not different from those in the non-pregnant organism; 
and second, that following an increase in total body water, the average acute 
tissue edema produced in the pregnant organism w^as of the same proportion 
as that produced in the nonnal non-pregnant animal. 

Methods. Dogs were used for this study. Thej’’ were either obtained in 
late pregnancy and kept in the laboi'atoiy for a few' days on a meat diet, or they 
were obtained in earlj' pregnancy and kept for a number of w'eeks. Before an 
experiment was carried out, the dog w'as weighed and anesthetized by the 
intravenous injection of 1 cc. per kilo body w'eight of a 5 per cent solution of 
nembutal. A cannula w^as then introduced in the carotid artery for continuous 
blood pressure tracing and the bladder was catheterized for the collection of 
urine during the entire experimental period. Forty cubic centimeters of blood 
were then removed by syringe from the femoral artery, of w'hich 30 cc. were 
delivered under oil for semm anatysis, and 10 cc. w'ere defibrinated for whole 
blood analysis. One rectus abdominis muscle was removed for the initial 
analyses and placed immediately in a large glass-stoppered weighing bottle. 

It was then placed on a glazed tile and trimmed to remove all visible connective 
tissue and fat, after w'hich it was returned to the w'eighing bottle. After being 
minced Mth scissors the muscle w'as ready to be analj'zed. Weighed aliquot 
samples w'ere used for all analyses. 

The salt solution consisting of 129 mM NaCl -f 25 mM NaHCOs was warmed 
to 38° and injected intravenously by gravdty through the femoral vein at a 
speed of 40 cc. per minute. The injection required about one hour, and 30 
minutes later the second sample of blood was withdrawn, and the opposite 
rectus abdominis muscle removed for final analyses. 

1 This communication is a portion of a thesis submitted by Alice Childs in partial ful- 
fillment for the degree of Doctor of Philosophy in Medicine at the University of Chicago. 

A preliminary report has appeared. (Proc. Am. Soc. Biol. Chem. 1942.) 
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The peritoneal fluid, amniotic fluid and allantoic fluid were then removed. 
Special care had to be taken in removing first the fluid from the allantoic sac 
and then the fluid from the amniotic sac surrounding each fetus. The procedure 
was as follows: An incision was made along the mid line of the dog and the 
horns of the uterus were exposed. After an incision was made through the wall 
of the uterus the allantoic sac surrounding a fetus was visible. With a needle 
and syringe the fluid from the sac was removed, after which the allantoic mem- 
brane was stripped away and the membrane surrounding the amniotic sac was 
exposed. This membrane was vdped vdth gauze and the amniotic fluid removed 
with needle and syringe. Each fetus was treated in this manner. In late 
pregnancy, the volume of allantoic fluid around each fetus was generally larger 
than that of the amniotic fluid. Each dog carried from 5 to 7 fetuses. For 
analysis, all of the fluid was removed from each of the indi^udual sacs and mixed 
together. 

There is a well developed allantois in the dog which is present through the 
entire gestation period so that both amniotic and allantoic fluids are available 
for study. According to the investigations of Bremer (1) the allantois is largest 
in those animals in which the fetal circulation is less, intimately in contact with 
the maternal circulation and in wliich the mesonephric glomeruli are well 
developed and active. On this basis the dog is classified midway between the 
pig and man. 

The study included: (1) 10 pregnant dogs from which blood, muscle, and 
fluids were analyzed; (2) 10 pregnant dogs receiving intravenous injections of 
170 cc. per kilo of body weight of an isotonic salt solution consisting of 129 mM 
of NaCl + 25 mM of Na HCO3. 

Chemical methods. The following determinations were made on serum: pH, 
CO 2 , water, protein, chloride, sodium, potassium, calcium and magnesium; on 
blood; hematocrit, water, chloride, sodium and potassium; and on amniotic 


and allantoic fluids: water, protein, chloride, sodium, potassium, calcium and 
magnesium. All analyses of serum and fluids were made in duplicate, all muscle 
analyses in triplicate. All tissue analj'-ses were calculated on a fat-free, blood- 
free basis. The fat was determined as described in a former paper (2). The 
amount of the circulatoiy space of the blood in the muscle was determined by 
the coloiimetric comparison of the amount of hemoglobin in the muscle with 
that of the whole blood taken as nearly simultaneously as possible, which was 
used as the standard (3). Procedure: Two grams of minced muscle were trans- 
ferred to a 25 _cc. volumetric glass-stoppered cylinder. Three-tenths cubic centi- 
meter of a thirty-three per cent ammonium hydroxide was added and the mix- 
ture made up to volume with water and placed in a 2° to 5° ice box overnight 
Hie mixture was then filtered through no. 40 matrnan filter paper into a flask' 
Three drops of concentrated hydrochloric acid were added to the clear filtrate 
while bemg shaken. The flask was stoppered and aUowed to stand at room 
temperature for 1 hour. The acid hematin produced was read in a colorimeter 
^ams a pro uced from 0.5 cc. blood made to 100 cc. volume with 0 1 N HCl 
Tlie value for the circulating space so obtained is high because some muscle 
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hemoglobin as well as blood hemoglobin is extracted. It is interesting to note 
that the value obtained for the vascular space in muscle from pregnant dogs 
ranged from 72 cc. to 114 cc. per kilo of muscle with a mean of 91 cc. per kilo 
while the mean circulatory space of muscle from non-pregnant dogs was 71 cc., 
a ± 11 'per Idlo. The chemical methods for blood, fluids, and muscle were 
essentially the same as those described in previous papers (2, 4, 5). 

Calculations. The volumes of extra and intracellular phases of muscle were 
calculated as outhned in the first paper of this series (6). The extracellular 
phase (F) in grams per kilo of muscle, 

(P) _ (Cl).w X (HiO)^ X 1000 
^ ^ 1.04 X (Cl)« 

in which subscripts M and s represent muscle and serum, respectively. From 
the values for (F) the intracellular phase (C) per kilo was estimated by the 
equation (C) = 1000 — (F). From the values for ((7) the intracellular water 

TABLE 1 

Tl'^aicr and electrolyte content of blood serum and cells in late fregnancy 


The concentrations are expressed per kilo of serum, and per liter of cells. 



SERUM 

CEIXS 

Mean 

tf 

Mean 

C 

pH 

7.29 

0.05 



CO 2 , mM 

21.99 

2.1 



Water, gm 

927.0 

3.9 

714.4 

12.3 

Chloride, m.eq 

108.5 

1.9 

60.0 

5.8 

Sodium, m.eq 

137.9 

2.8 

97.0 

9.0 

Potassium, m.eq 

4.30 

0.50 

11.7 

2.3 

Calcium, m.eq 

4.36 

0.10 



Magnesium, m.eq 

1 2.58 

0.68 



Cell volume! 



31.9 

3.0 

NPN, gm 

0.26 

0.07 

/ 


Protein, gm 

54.1 

4.3 




<r = Standard deviation, 
t = cubic centimeter per 100 cc. 


(H20)c was estimated by the equation (HaOlc = {C) — {S) in which {S) repre- 
sents solids per kilo of muscle. 

Results and discussion. Analytical data on serum, blood, and muscle of 
pregnant dogs. V aluesfor constituents of serum and cells. A summary of the data 
obtained from the analysis of serum and the cells of 10 dogs in late pregnancy 
is presented in table 1. The cell values were obtained by the indirect analyses 
of whole blood. The differences between these data and those from normal 
dogs are a lower calcium in the serum, and a low cell volume. All other 
A'alues fall -ndthin the range of normal findings. The value of 31.9 ± 3.0 for 
cell volume may be the result of the increased blood volume that generally occurs 
in pregnancy (7). Although the blood volumes of these dogs were not deter- 
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mined, the determined average circulatory space in the rectus abdominis muscle 
^as 30 per cent larger than in normal dogs, indicating an increased blood volume. 

Values for constituents of muscle. In table 2 are the analytical and calcu- 
lated data on serum and muscle from both non-pregnant and pregnant dogs. 
The relative proportions of extra and intracellular phases of muscle were calcu- 
lated from the experimental data and by the foregoing equation'. From these 
data the percentage of water per kilo of muscle cells (HzO)^ was also calculated. 
In \dew of the physical changes that occur in pregnant animals it is interesting 
to note that the concentration of the serum and muscle constituents of pregnant 
dogs was not different from that of normal dogs. Also, the distribution of 
fluids in the skeletal muscle was alike. 

Conclusion: Fat-free, blood-free skeletal muscle of dogs in late pregnancy 
consists of an extracellular phase amounting to an average of 15 per cent and 
an intracellular phase amounting to 85 per cent of the muscle. These values 


TABLE 2 


Average analyses of skeletal muscle and serum from non-pregnanl and pregnant dogs 


DOGS 


HjO 

Cl 

Na 

K 

DLOOD 

(F) 





1 £«• 
kgm. 

mil per 
kgm. 

mil per 
kgm. 

1 mil per 
kgm. 

1 CC, per 
kgm. 

gm. per 
kgm. 


gm. per 
kgm. cells 

Non-pregnant (20) 

Serum 

922.0 

107.1 

141.2 

3.95 


i 





5.1 

2.3 

3.5 

0.40 






Muscle 

775.0 

18.41 

29.0 

98.4 

71 

154 

225 

736 


<r 

8.6 

3.6 

6.0 

7.5 

11 

1 

19 

8.6' 

9 

Pregnant (10) 

Serum 

927.0 

108.5 

137.9 

4.30 






cr 

3.9 

1.9 

2.8 

0.50 






Muscle 

776.4 

18.21 

24.4 

99.2 

97 

154 

223 

737 


<r 

6.4 

3.4 

4.8 

6.0 

29 

31 

. 6 

8 


a = Standard deviation. 


were the same as those found in non-pregnant dogs (fig. 1). In other words, 
there was no edema, either extra or intracellularly, in the skeletal muscle of 
the pregnant dogs. 


Increase in total body water by the injections of normal isotonic salt solutions. 
In table 3 is presented the average water and electrolyte distribution in serum 
and muscle of pregnant dogs before (control) and folloudng (experimental) the 
increase in total body water. Preceding the acute edema, both the blood serum 
and muscle picture were like that of non-pregnant dogs. Also, the analytical 
data of the experimental muscle folloiving the injection of 170 cc. per kilo body 
weight of a solution containing 25 mM of NaHCOs -f 129 mM of NaCl per 
hter, are given. ]^om these experimental results the changes of the original 

Mere calculated. Such a calculation gave an average increase of 53 ^ams 
<T ±20 grams per kilo of original muscle .of which 45 grams, <r ± 20 represent 
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In non-pregnant animals receiving the same injection, the average increase 
in the total original kilo of muscle was 49 grams, a i 8; the average increase 
of the extracellular phase was 53 grams, a ± 18. These findings are shown 
graphically in figure 1. 

Therefore, in these experiments in which the total body water of the pregnant 
animal was increased by the intravenous injection of normal isotonic saline, 
there was no indication of an influence of pregnancy on the amount of acute 
edema formed in the skeletal muscle. 

Although this pregnant organism contained two distinct gestation sacs filled 
vfith fluids, the skeletal muscle fluid distribution was the same as in normal dogs. 

TABLE 3 

Changes of water and electrolytes in serum and muscle of pregnant dogs after injection of normal 

isotonic sodium chloride solutions 


Solution = 129 mM NaCl + 25 mM NaHCOj. All concentrations are expressed in units 
per kilo. 




CONTROL 

EXPERIMENTAL 

Mean 

<r 

Mean 

a 

Serum 

pH 

7.39 

0.05 

7.44 

0.07 


CO 2 , mM 

21.99 

2.1 

22.31 

1.4 


Water, gm. 

927.0 

3.9 

951.2 

6.7 


Cl, m.eq. 

108.5 

1.9 

115.4 

2.4 


Na, m.eq. 

137.9 

2.8 

144.4 

2.6 


K, m.eq. 

4.30 

0.50 

3.38 

0.53 

Muscle 

Water 

776.4 

6.4 

788.2 

9.5 


Cl, m.eq. 

18.21 

3.4 

22.69 

4.6 


Na, m.eq. 

24.4 

4.8 

32.9 

5.8 


K, m.eq. 

99.2 

6.0 

89.9 

1.0 


Blood, cc. 

97.3 

29.7 

87.7 

10.9 


(F), gm. 

154.0 

31.0 

187 

42 


iHiOlc gm. 

737.0 

8.0 

739.0 

6.7 


(5), gm. 

223 

6.0 

211 

7.6 


o- = Standard deviation. 


In table 4 are given the average analyses of all fluids as removed from the preg- 
nant dog. The peritoneal and amniotic fluids are somewhat alike and their 
constituents have small deviations. The allantoic fluid is entirely different, 
vith its constituents having large deviations. Since the allantoic fluid when 
compared with the other fluids had a very high concentration of potassium, it 
was expected that the concentration of potassium in the muscle cells of the 
pregnant dog might be lower than that found in the muscle of the non-pregnant 
dog. Table 5 shows this is not true. Both the analytical and derived data 
with standard deviations for 10 dogs for the distribution of potassium in serum, 
fluids and skeletal muscle of normal and pregnant dogs are given. 

The concentration of potassium in (F) was estimated from the concentration 
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in serum water by means of the Hastings et al. and Greene et al factor (0.95) 
(8, 9). From the amount of estimated phases per kilo of muscle and the calcu- 
lated concentration of the potassium in the extracellular fluid, the concentration 
of potassium in the intracellular phase can be derived by subtracting the extra- 


zin +49 



154 199 



631 






□ (0 eNoCF) 

^0t9) ©ndCH 0} 


a 


a c. 


Fig. 1. Extracellular phase (F), 
and after experimental procedure. 


PRE6MRMT 

intracellular water (HcO)c and solids (<S)ci before 
cApciiiucubai piuucuuit:. The first column in each pair presents the average 
original data and the adjoining column the average final data from a group of normal and 
pregnant dogs. A M represents the absolute change in 1 kilo of muscle; A F and A C, 
the absolute change in the extra and intracellular phase per kilo of original muscle re- 
spectively; {F)i and (F)/, grams of extracellular phase per kilo of muscle, originally and 
finally, respectively; (HiOjci and (H;0)c/, grams of intracellular water per kilo of muscle, 
originally and finally, respectively; (<S)ci, grams of intracellular solids per kilo of muscle', 
originally. 


cellular potassium from the total tissue potassium. The concentration of potas- 
sium per kilo of muscle cells was calculated by dividing the intracellular potas- 
sium by the intracellular phase volume, and the concentration of potassium in 
the intracellular water by dividing the intracellular potassium by the volume 
of intracellular water. The potassium concentrations in the skeletal muscle 
are given per kilo of intracellular phase (C) and also per kilo of cell water (H 20 )c. 
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TABLE 4 

The distribution of electrolytes between serum, peritoneal fluid, amhioiic fluid 

and allantoic fluid 



SERUM 

PERITONEAL ELUID 

AilNIOTIC FLUID 

ALLANTOIC FLUID 

Mean 

O 

Mean 

a 

Mean 

<T 

Mean 

C 

1 

Water, grams per kilo 

927.0 

3.8 

985.0 

1.7 

984.9 

1.9 

977.6 

10.1 

Cl, m.eq. per kilo water 

117.0 

1.9 i 

124.4 

2.2 

113.2 

2.5 


20.6 

Na, m.eq. per kilo water 

148.7 

2.8 

152.2 

6.8 

141.2 

5.3 


37.8 

K, m.eq. per kilo water 

4.64 

0.50 

3.47 

0.58 

4.27i 



32.8 

Ca, m.eq. per kilo water 

4.71 

0.10 






0.68 

Mg, m.eq. per kilo water 

2.78 

! 

0.68 1 

1 



2.32 


3.20 

0.44 

Non-protein nitrogen, grams per 

1 

i 




i 



kilo water 

0.28 

0.07 i 

1 

0.19 

0.03 



1.47 

1.66 

Total protein, grams per kilo 





! 

i 




water 

58.4 

4.3 

8.4 

3.2 

3.55 

1.6 

1.42 

1.40 


TABLE 5 


Distribution of potassium between blood plasma and muscle phases 



NON-FREGNANT 

PREGNANT 


7n.eg» 

m.eg. 

Serum: 

PpT kilo 

4.09 

4.30 


0.19 

0.50 


4.41 

4.66 


0.24 

0.58 

PpT Vilo fliiiH 

4.19 

4.42 


0.18 

0.50 

Muscle: 

Per kilo 

! 

97.1 

100.9 


7.5 

5.3 

In (F) 

0.54 

0.60 


0.15 

0.12 

In (C) 

96.6 

100.3 


7.5 

5.3 

, Per kilo (C) 

110.5 

118.1 


7.0 

4.4 

Per kilo (H20 )c 

151.0 

160.4 


9.0 

6.1 


The results show that the potassium concentrations in the pregnant muscle are 
not different from those found in the non-pregnant muscle. 

It is apparent, therefore, from a comparison of the data on non-pregnant 
dogs with those from the pregnant dogs that there is no edema of the skeletal 
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rtRiscle in normal pregnancy, and if additional water is added to the pregnant 
organism it is distributed as in the normal non-pregnant animal. These find- 
ings substantiate the results of Chesley and Chesley (10) that in the normal 
pregnant woman, the extracellular water of the body was not excessive. There- 
fore, since edema does not accompany normal pregnancy, the findings in our 
dogs are in agreement mth chnical experience. 

It might have been reasonable to expect a shift in the distribution of the fluid 
in the skeletal muscle to provide for the extra volume of fluids filling the amniotic 
and allantoic sacs surroimding the fetuses. This was not verified. The nega- 
tive findings again demonstrate the constancy with which the fluid of the muscle 
is distributed. 


SmiMARY 

1. Analyses have been made of the water and electro^tes of blood, muscle 
and the gestation fluids from a group of 10 dogs in the late weeks of pregnancy. 

2. The investigation of the water and electrolyte distribution between blood 
and skeletal muscle of dogs in late pregnancy revealed the following: 1, the 
skeletal muscle consists of an extracellular phase amounting to an average of 
15 per cent and an intracellular phase amounting to an average of 85 per cent 
of the muscle. Tliese values were the same as those found in non-pregnant dogs ; 
2, after an increase in total body water produced by the intravenous injection 
of large volumes of normal isotonic salt solution, the amount of acute edema 
produced in the skeletal muscle was not different from that found in the non- 
pregnant organism. 

3. There is, in these experiments, no indication of an influence of normal 
pregnancy upon the distribution of fluid in skeletal muscle and consequently 
no evidence for the occurrence of edema as a result of this state. 
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It is well established that denervation of skeletal muscle causes a sensitization 
to various drugs which increases for about a week and remains until the nerve 
regenerates. Although the effect of acetylcholine on denervated muscle has 
been the chief object of study in this respect, Dale and Gasser (1926) have 
shown that potassium cldoride, nicotine and various other substances mil pro- 
duce typical contractures. 

As an explanation of the phenomenon of sensitization in sympathetic ganglia, 
Cannon and Rosenblueth (1936) suggested that denervation increased the per- 
meability of the cell membranes. Due to the increased permeabihty a chemical 
agent would have readier access to the interior of muscle fibers, for example, 
and thus produce its effect at lower concentrations than in normal muscle. 
This view has been criticized bj'’ Lee (1939, 1940) who was able to show that in 
the toad the amount of potassium in excised skeletal muscle varied inversely 
■with the sensitivity. He suggested that altered sensitmty was due to an in- 
herent change of irritability attendant on an altered concentration of a certain 
ion (K). It is questionable, however, whether the condition found in excised 
muscle represents that found in the intact animal. 

The following experiment was designed to compare the permeability of de- 
nervated and normal skeletal muscle to radioactive potassium. As N oonan et al. 
(1941b) have shown, simple transection of the sciatic nerve in rats causes a great 
increase in the rate of penetration of potassium chloride, presumably due, at 
least in part, to increased blood flow through relaxed vessels. In order to lure 
out the circulatory effect it was necessaiy to denervate the muscle ■\Uthout in- 
juring the vasomotor neinm fibers. Since the gray rami of the abdominal sympa- 
thetic chains join the lumbar spinal nerves peripheral to the dorsal root ganglia 
(see Schafer, 1900, p. 631) it is possible to leave these rami intact b}^ cutting 
the dorsal and ventral nerve roots close to the spinal cord vdthin the vertebral 
canal. 

Adult albino rats were anesthetized '\Uth nembutal, and the dorsal surface of 
the fourth, fifth and sixth lumbar vertebrae removed, exposing a portion of the 
cauda equina. The left doi'sal and ventral roots of the respective lumbar nerves 
were then cut, thus completely denervating the left gastrocnemius muscle (see 
Green, 1935, p. 130). Although no effort was made to maintain strict aseptic 
conditions, the animals recovered with no untoward effects. 

As tests for the results of this operation on the control of the blood suppl}’' 3 
ra'bs (nos. 1, 2 and 6) were picked at random from the operated group. The 
follo'vsdng test was carried out 17 days after the operation in rats 1 and 2, and 
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14 days after the operation in rat 6. The animals were anesthetized with 
nembutal and the left sciatic nerve exposed in the region of the thigh. A 
thermocouple was closely applied to the sole of the paralyzed foot and connected 
with a dehcate galvanometer. Stimulation of the sciatic nerve with faiadic 
current caused a drop in the temperature of the foot, indicating that the nervous 
control of the blood supply was uninjured. Stimulation of the sciatic nerve of 
normal rats produced the same result. However, during stimulation, some of 
the leg muscles of the operated animals (not including the gastrocnemius) under- 
went weak contractions and the leg muscles of normal animals responded with 
the usual strong tetanus. In order to rule out the effects of muscle tension on 
the circulation, 2 other operated animals were sacrificed in the following ex- 


periment. 

One week after the denervating operation the animals were anesthetized with 
nembutal and artificial respiration was applied. The test for the decrease of 
foot temperature on the denervated side was then carried out. After establish- 
ing the decrease in temperature brought about by stimulation, curare was in- 
jected intravenously. When the sciatic was stimulated the temperature of the 
foot decreased in the same manner as before, in the absence of any movement 
by the leg muscles. Normal rats reacted in the same manner under identical 
treatment. It was therefore established that the denervating operation had 
caused no injury to the nervous control of the blood vessels of the leg. 

In testing the permeability of normal and denervated muscles to radioactive 
potassium the animals were anesthetized with nembutal and both hind legs 
skinned to above the knee joint. The skin was then replaced so that the muscles 
were covered. One or 2 cc. of a 1.3 per cent solution of sodium-free radioactive 
potassium chloride was injected intraperitoneallj’-, and, after a given period had 
elapsed, ‘both hind legs were removed above the knee. The gastrocnemius 
muscle of each leg was quickly dissected and frozen in solid carbon dioxide. 
Each muscle was cut into small pieces in a frozen condition and ground with 
sand. The proteins were precipitated with trichloroaecetic acid, and the mixture 
filtered. The filtrate ivas evaporated and the radioactivity measured with an 
electroscope. The results of the experiment are showm in the table. The fifth 
column refers to the time betw^een the injection of the potassium and the removal 
of the legs. 


Although there is great variation in the amount of radioactive potassium 
taken up by the muscles, and also a large variation in the proportion of radio- 
acthity in each pair of muscles, it is apparent that within the short period of 
from 2 to about 9 minutes after injection the deneiv^ated gastrocnemii exchanged 
on the average over twice as much radioactive potassium as the normal muscle 
On the other hand, rats 15 and 16 show that if the radioactive potassium 
remains m the body for 4 hours there is proportionately less radioactive sub- 
stance m the denervated than in the normal muscle. Noonan et al. (1941al 
have shown that penetration of radioactive potassium into muscle is complete 
in about 4 hours. Since the e.xchange of radioactive and inactive potassium was 
complete in rats lo and 16 there must have been originally less potassium per 



TABLE 1 


Peneiraiion of radioactive K in denervated muscle 


RAT NO. 

' SIOE 1 

1 

TIME ATTER 

OPERATION 

AMOUNT in- 
jected 

TIME IN 
BODY 

WEIGHT OP 
MUSCLE 

RADIO- 
ACTIVITY* 
IN WHOLE 
MUSCLE 

RADIO- 
ACTIVITY PEJ 
GRAM 

RADIO- 

l ACTIVITY TER 

graml/r 



days 

cc. 

minutes 

grams 




1 

L 

19 

2.0 

2.0 

0.72 

15.4 

21.4 

2.64 


R 




1.11 

9.0 

8.1 


2 

L 

19 

1.0 

2.0 

0.70 

4.0 

B 

1.42 


R 




1.01 

4.0 

B 


3 

L 

8 

2.0 

2.5 

0.87 


5.2 

2.26 


R 




1.06 


2.3 


4 

L 

18 

2.0 

3.0 

0.80 

8.8 

11.0 

2.30 


R 




1.61 

7.8 

4.8 


5 

L ! 

16 

1.0 

3.0 

— 

16.8 

21.2 

1.42 

1 

R 

1 





20.9 

14.9 


6 

L 

16 

1.0 

4.0 


n 

24.2 

2.64 

1 

^ ! 




1.25 

BqUI 

9.2 


1 

7 

L 

31 

1.0 

4.0 

0.48 

7.0 

14.6 

3.10 


R 




1.66 

7.4 

4.7 


8 

L 

17 

1.0 

4.1 


3.7 

6.1 

2.03 

1 

R ! 

! 



1.61 

4.9 

3.0 


9 ' 

L 

8 

2.0 

4.5 

1.08 

23.2 

21.5 

1.75 

1 

R 




1.20 

14.7 

12.3 


10 

L ! 

7 

1.0 

4.5 

1.34 

HI 

B 

1.78 


R 


1 


1.71 


B 


11 

L 

11 

2.0 

5.0 

0.94 

38.3 

40.7 

2.32 


R 




1 1.27 

22.2 

17.5 


12 

L 

11 

1.0 

5.0 

mm 

17.3 

21.3 

1.83 


R 


1 



13.4 

11.6 


13 

L 

31 

i 

1.0 

5.0 

0.50 

8.6 


1.97 


R 


i 


1.76 




14 

L 

18 

1 

1.0 

8.75 



20.0 

2.86 

1 

U , 



' 

1.65 1 

11.5 J 

7.0 

- 



2.16 

15 

L 

13 

1.0 

243 

■El 


38.0 

0.79 


R 





B 

48.0 


16 

L 

11 

1.0 

240 

H 

36.3 

33.0 

0.85 


R 





63.3 

39.0 



0.82 








1 



In arbitrary units. 
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gram of tissue in the denervated than in the innervated muscle. This is in 
agreement with the observations of Hines and Knowlton (1933) and of Lee 
(1939). Evidentb'- the greatl}'- increased rate of penetration into denervated 
muscle within the first few minutes after injection occurs in spite of the fact that 
there is proportionately less potassium within the muscle with which the radio- 
active potassium can exchange. 

Apparently, then, a muscle which has been denervated for more than a week 
becomes more permeable to K ions. Since denervation also causes an increased 
sensitivitj^ to potassium, it is possible that the sensitivitj’’ is due to the increased 
permeability. 


SUMMARY 

One week or more after the operation the rate of penetration of radioactive 
potassium into the denervated gastrocnemius muscle of rats was found greater 
than in the control muscle. Since the sensitivity of denervated muscle to po- 
tassium increases 3 or more days after denervation it is suggested that the in- 
creased sensitivitj'’ is a result of the greater permealiility. 

I am grateful to Dr. W. B. Cannon without whose advice and assistance this 
problem would not have been carried out. I also wish to express my thanks to 
Dr. C. R. Curtis and the Harvard cyclotron team for supplying the radioactive 
potassium. Dr. W. E. Cohn has given much helpful aid in working with this 
material and I am greatly indebted to him. 
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It was shown bj’- Koch (1932) that carotid sinus reflexes have a profound in- 
fluence on the excitability of the central nervous system. Increase in intrasi- 
nusal pressure causes sleep in unanesthetized dogs and fall in pressure leads to 
signs of a general increase in excitabilit 3 ^ Obseiwations b}' Gellhorn, Darrow 
and Yesinick (1939) showed the applicability of this phenomenon to the study of 
convulsions. These authors showed that adrenalin in minute quantities inhibits 
metrazol convulsions and that this effect depended on the presence of the carotid 
sinus and depressor nerves. 

The present paper reports experiments in which a further attempt was made to 
study the relationship between the depressor reflexes and convulsions. Two 
problems were investigated : 

1. The effect on convulsions of carotid sinus stimulation induced by altera- 
tions in intrasinusal pressure. 

2. The effect of convulsions on the carotid sinus pressor reflexes. 

Methods. The experiments -were performed on narcotized cats and dogs 

(chloralose 80-100 mgm./kilo). The convulsions were recorded mechanically 
from the hind leg b}^ means of two tambours and the blood pressure was recorded 
from the carotid arteiy. Metrazol, strychnine, camphor, picrotoxin, coryamsu- 
tin^, and absinth were used as convulsant drugs. In some experiments it was 
found useful, in order to insure regularity of the convulsions, to use subconvul- 
sive concentrations of the drug and to applj'^ mild electric shocks to the chest and 
shoulder region. These shocks produced onty local contractions in the animal 
before the convulsant drug was given, but thej”^ were adequate to elicit and 
maintain generalized convulsive movements after the drug had been adminis- 
tered. This procedure \vas used particular^ in experiments with strychnine and 
camphor. The experiments were performed in 1939 and recently repeated with 
an improved technique for the recording of convulsions. The convulsing limbs 
were attached to the input electrodes of a push-pull amplifier. Anj" motion of 
the electrodes at their point of attachment to the skin caused a contact potential 
which was roughlj'^ proportional to the intensity of that motion and, therefore, 
served as a good indicator of the intensity and frequenc}^ of the convulsions under 
various conditions. 

Results. I. The influence of depressor reflexes on convulsions. The first 
group of experiments deals with the effect of clamping of the carotid arteries 
below the bifurcation on chemically induced convulsions. The results wei'e 

' .Mdecl bj' a grant from the John and Mary R. Markle Foundation. 

' Kindly supplied b 3 ' Eli Lillj' and Companj'. 
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uniform showng that clamping of the carotid arteries caused an intensification 
of the convulsions. This is particularly marked in those experiments in which 
subconvulsive concentrations of drags such as metrazol or picrotoxin were given 
or in which the experiments were performed after overt convulsions had ceased 
completely. Figure 1 shows three records of such experiments in which the 
clamping of the carotids caused the convulsions to reappear. The quantitative 
relations as illustrated in figure 1 are of interest. The first graph shows that 
about 15 seconds following the ligation of the carotid arteries convulsions ap- 
peared and persisted for about 15 seconds after the arteries had been released. 
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Fig. 1. Effect of clamping of carotids on convulsions. .4. and B. Dog, 10 kgm.; chlora- 
lose, SO mgm./kgm. intravenously. Bilateral vagotomy. Blood pressure recorded from 
femoral artery. Artificial respiration. Convulsions recorded from the hind leg. Con- 
vulsions had been elicited three hours earlier by injection of 6 mgm. picrotoxin. 

.4. 2a-Sl. Both carotid arteries clamped for 30 seconds. 22. 22 seconds after the 
release of the carotids. Note after discharge of convulsions. 

B. 38-39. Clamping of carotids for 90 seconds. No after discharge of convulsions. 
The two parts of B in the record of convulsions are continuous. 

C. Dog, 7.3 kgm.; operation and procedure as above. 44-45. Both carotid arteries 
clamped for 30 seconds. Severe convulsions ceasing a few seconds after release of carotids. 


Comparing the blood pressure record with that of the convulsions an interesting 
parallelism appears between convulsive activity and changes in blood pressure 
resulting from the clamping of the carotids. In the first blood pressure record 
of figure 1 It IS seen that after the release of the carotids a secondaiy rise of the 
blood pressure occurs and that only hereafter the blood pressure falls to its 
onginal lei’el. It is at the end of this secondaiy rise of blood pressure that the 
convulsions cease abruptly (cf. discussion). 

The second graph of figure 1 is obtained from the same animal, sometime later 
penod. Thej are maintained during the second half of the, period 
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during which the pressure in the carotid sinuses was lowered. The comailsions 
cease shortly before the clamps are removed (i.e., shortly before no. 39) at a time 
when the blood pressure begins to fall. 

The third record obtained from another animal under similar conditions is 
characterized by a much greater pressor reflex than had been seen in the first 
and second graph of figure 1. During the period of clamping convulsions of 
gi’eat intensity occur. As the blood pressure falls abrupth’- in a few seconds after 
the removing of the clamps (no. 45) the convulsions disappear. 

In other experiments in which convulsions were present prior to the ligation of 
the carotids the convulsions were increased in intensity during the time of the 
rise in blood pressure resulting from the clamping of the carotids. The experi- 
ments indicate a parallelism between the intensity and duration of S3’'mpathetic 



tzo 





Fig. 2. Effect of amyl nitrite on convulsions. D. Dog, 4 kgm.; Dial in urethane 0.5 
cc/kgm. Blood pressure recorded from carotid artery. Artificial respiration. Con- 
vulsions recorded from the hind leg. Strychnine 0.1 mgm./kgm. intravenously. Mechani- 
cal stimulation of the chest by a pendulum. 19-20, inhalation of amjd nitrite for 45 secon s. 
21 , 1 min. later. Note maximal convulsions occurring with maximum fall in blood pressure. 


impulses as shown bj'- the rise in blood pressure follomng the clamping of the 
carotids and the intensity of convulsions. 

If it is correct, as the experiments described in figure 1 suggest, that a fall m 
blood pressure in the carotid sinus gives rise to central s^TOpathetic discharges 
which greatly intensify convulsions, it is probable that other factors leading to a 
fall in pressure in the carotid arteries will likewise augment the intensity of con- 
vulsions. This is illustrated in figure 2 in which the fall in blood pressure 
elicited by inhalation of amyl nitrite called forth ver^' intensive convulsions. It 
is significant that during the first phase of moderate fall in blood pressui'e the 
convulsions remained unchanged. Only on further fall in blood pressure are the 
convulsions greatty aggravated. When the administration of amyl nitrite is dis- 
continued the convulsions I'emain augmented as long as the fall in blood pressure 
continues. Then the 3 ^ return rapidty to the original level. 

On the basis of the experiments described thus far and in view of the \york of 
Gellhom, Darrow and Yesinick, it was' thought probable that alteration in pos- 
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ture leading to variations in intrasinusal pressure may alter the intensity of the 
convulsions through the depressor reflexes. Figure 3 shows two records demon- 
strating the influence of increased pressure in the carotid smus on convulsions. 
In the first record a cat showing strjmhnine convulsions was tilted into a head 
down position of 45° for 15 seconds. The convulsion decreased in intensity al- 
most instantaneously. AVhen the cat was returned to the horizontal position 
they increased slightly and showed two minutes later the same intensity as ^yas 
obseiwed prior to the tilting. The carotid pressure rose 20 mm. during the tilt- 
ing period. In the second experiment of figure 3 the cat was tilted into the same 
position for 30 seconds. The convulsions decreased gradually in intensity during 
the tilting and ceased completely at the end of the 30 second period. One and a 
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Fig. 3. Effect of tilting into head down position on convulsions. Cat, 3 kgm.; Dial in 
urethane 0.5 cc./kgm. intraperitoneally; artificial respiration. Blood pressure recorded 
from the carotid artery. Convulsions recorded from the hind legs. Strychnine 0.2 mgm./ 
kgm. intravenously. 

A. S~4, cat tilted into head down position, angle 45° for 15 seconds. 5, 2 minutes after 
return to horizontal position. Blood pressure before 3, 102 mm. Hg, between 3 and 4, 
122 mm. Hg, and at 5, 100 mm. Hg. 

B. Same animal. 15-16, cat tilted into head down position, angle 45° for 30 seconds. 
16a, 1 J minutes later and 17, 5 minutes later. B. P. before 16, 119 mm. Hg, between 16 and 
16, 13S mm. Hg, and at 17,114 mm. Hg. 


half minutes later (no. 16a) the convulsions were still markedly depressed but 
after five more minutes (no. 17) had returned to appro.ximately the original 
level. Similar results were obtained in numerous experiments on cats and dogs 
subjected to various convulsant dmgs. 

A series of experiments was perfoi-med in which cats and dogs injected with 
metrazol, picroto.xin and other convulsant drugs were brought into the opposite 
po.sition ( ‘feet down” at an angle of 45°). The changes produced in the comail- 
sions under these conditions were only sliglit or absent. Whenever changes were 

observed they were opposite to those obtained on tilting into the head down 
position. 

The effect on conviil.sion.s of tilting the animal into the "head down” or “feet 
down position, the effect of amyl nitrite and of clamping of the carotid arteries 
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was tentatively related in the previously described experiments to the action of 
these procedures on the depressor reflexes of the sino-aortic areas. It was, 
therefore, necessarj^ to study the influence of these factors on convulsions in 
animals in which the vagi had been cut bilaterally and the carotid sinuses had 
been denervated. 

Figure 4a shoAvs that in such animals tilting into the head down position had 
an effect opposite to that obtained in animals Avith normal pressure reflexes. 
The picrotoxin conAadsions AA'hich had disappeared prior to the tilting reappeared 
AAdien the dog AA^as tilted into the head doAAm position for 45 seconds. The effect 
Avas reversible AA-hen the animal AA'as returned to the horizontal level. In other 
experiments similar effects AA’ere obtained although of A'aiying intensity. Tilting 


A 



Fig. 4. Effect of tilting and of clamping of carotid arteries on picrotoxin convulsions in a 
dog deprived of the vagi and carotid sinuses. Dog, 8 kgm.; chloralose 80 rngm./kgru- 
intravenously. Blood pressure recorded from the femoral artery. Bilateral carotid smus 
denervation and vagotomy. Convulsions recorded from hind leg. Picrotoxin 0.3 cc. 
0.3 per cent. 

A. 50, animal in horizontal position; no convulsions. 51, Animal tilted 45°, head donn 
for 45 sec. Note appearance of convulsions. 52, return to horizontal position. 53, same 
condition as in 52. 

B. Same animal. 43, control; 44, clamping of carotid arteries. No change in con- 
vulsions. 45 , release of carotid arteries. Records 4^ to 45 and 60 to 53 are continuous. 

the animal into the feet doAAm position caused in some experiments decrease or 
disappearance of the conAmlsions particularty Avhen the fall in blood pressure AA as 
great. In other instances no changes AA'ere obseiwed. Clamping the carotids 
caused no significant changes in intensity and frequenc}'’ of the conAmlsions in 
animals depriA'^ed of the carotid sinus reflexes (fig. 4b). Experiments of the type 
shoAA'n in figure 4b are particularlj^ significant since A’^eiy slight conAmlsions are 
greatly aggraA’ated by clamping of the carotid arteries AA'hen the pressure recep- 
tors are intact. 

The obseiwations indicate that after elimination of the pressure receptors of 
the sino-aortic areas procedures Avhich in the intact animal modify the intensity 
of conA’iilsions liaA'e either no influence on them or shoAV a reversal of the usual 
effects. 
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11. The influence of convulsions on pressure reflexes. The experiments de- 
scribed thus far indicate that the depressor reflexes have a powerful influence on 
the intensity of convulsions. In view of these facts, it seems to be of interest to 
investigate whether under conditions of convulsions induced by various convul- 
sant dmgs, the intensity of the carotid sinus reflexes is altered. For these pur- 
poses, experiments were performed on the influence of tilting on the blood 
pressure before and during convulsions. A typical experiment is shown in 
figure 5 from which it is evident that the blood pressure change on tilting into 
the “head dowm” as well as into the “feet dowm” position is greatly reduced m 
the convulsant animal. Whereas the tilting in the ‘ head dowm position 
caused a blood pressure rise of about 20 mm. in the non-convulsant animal, the 
blood pressure remained practically unchanged during the metrazol convulsions 
in the same posture. The tilting into the “feet dowm” position caused a fall in 
blood pressure w^hich w^as maintained as long as this position existed, but the 
same change in position did not cause an}’’ maintained fall in blood pressure in 
the convulsant animal. The blood pressure fell only for a short period of time, 
then rose to the initial level. Such fall and rise of blood pressure is seen repeat- 
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Fig. 5. Cat, 2.2 kgm. Blood pressure from the carotid artery. 5-6, head down (angle 
45°) for 60 sec. 7-8, feet down (angle 45°) for 45 sec. Convulsions induced bj’ metrazol 
(0.12~gram intravenously). 13-H, head down; 15-16, feet down, as above. 


edly in the feet dowm position. In other experiments it was found frequently 
that the blood pressure fall on tilting into the feet dowm position amounted only 
to 25 or 33 per cent of the fall seen in the same position before the convulsant 
drug was injected or after the convulsions had ceased. , 

These experiments suggest that during the convulsions the blood pressure 
regulating reflexes are intensified. 

Discussion. The e.xperiments reported in this paper show that conditions 
leading to increased sympathetic discharges following a decrease in pressure in 
the sino-aortic area increase the intensity of existing convulsions or cause convul- 
sions to reappear which had ceased spontaneously. It is interesting to note that 
die blood pressure change itself is not the all important factor but the pressure 
in the carotid sinus. This is evident from the fact that amyl nitrite which 
causes the systemic blood pressure to fall as wmll as clamping the carotids inten- 
sifio.s convulsions although the blood pressure rises in the latter case. Obviously 
the increased depressor discharges originating in the arch of the aorta as the 
rosii t of the raised systemic pressure following the clamping of the carotids can- 
not offset he effect which the greatly lowered pressure has on the receptors in 
the carotid sinus. 

How effective this increased .sympathetic discharge is was seen in experiments 
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in which repeated clamping of the carotids caused not onl}^ a reappearance of 
convulsions during the periods of lowered carotid sinus pressure but also a per- 
sistence of these convulsions for many minutes. Furthermore, the first record 
of figure 1 shows an after discharge of the convulsions which persists for about 
10 seconds after the release of the carotid arteries. During this time the sys- 
temic blood pressure shou’s a secondary rise in spite of a lise in intrasinusal pres- 
sure resulting from the release of the carotids. This suggests that increased 
sympathetic after discharges are I’esponsible for the persistence of the autonomic 
changes (rise in blood pressure) as well as for the continuation of increased dis- 
charges in the somatic nervous system (convulsions). The autonomic after- 
discharges are appai’entl}^ related to the intensification of the cai-otid sinus re- 
flexes which occurs during convulsions. 

In an earlier studj" (1939) it was shown that adrenalin inhibits convulsions in 
the normal animal but fails to show this effect after denervation of the sino- 
aortic area. Similarl}^ it was shown in the present investigation that the t 3 '^pical 
effects on convulsions resulting from tilting, am}'! nitrite, and clamping the 
carotids were either absent or reversed after bilateral vagotomy and denervation 
of the carotid sinuses. Either the vagi or the carotid sinuses were sufficient to 
regulate the intensitj' of the convulsions indicating that the pressure receptors of 
the carotid sinuses as well as those of the aortic arch are involved in this reaction. 

The fact that tilting into the “head down” position increases the intensity of 
convulsions when the pressure receptors had been eliminated but diminishes or 
abolishes convulsions in the normal animal suggests that the effects on them in 
the normal animal are not due to changes in brain circulation. Since in animals 
without pressure receptors tilting into the “head down” position augments con- 
vulsions it must be concluded that increased cerebral circulation itself intensifies 
convulsions, but this effect is overcompensated bj' the inhibitory impulses origi- 
nating in the pressure receptors. The earlier studies of Gellhorn, Darrow and 
ye.sinick (1939) had led to similar conclusions. 

It ■tt'ill be the task of further investigations to determine where and how the 
pressure receptors influence brain potentials of convulsant animals. 

CONCLUSIONS 

The effect of tilting, clamping the carotids and am}'! nitrite on conwilsions is 
determined in anesthetized cats and dogs before and after elimination of the 
pressure receptors. It was found: 

1. Lowering of the carotid sinus pressure by clamping the carotids, tilting into 
the “feet dovm” po.sition and amyl nitrite lead to an intensification of existing 
convulsions and to the reappearance of convulsions which had ceased for some 
time. 

2. Raising the pressure in the carotid sinus by tilting the animal into the 
“head down” position abolishes or reduces convulsions. 

3. The effects descrilied under 1 and 2 are absent or reversed after bilateral 
vagotomy and denervation of the carotid .sinuses. 

4. The depressor reflexes are inten-sified during convulsions, since ]iosturaI 
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changes produce smaller blood pressure changes in the convulsant than in the 
non-convulsant animal. 
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Our previous investigations (1939-40) have shown that the reflexes of the 
carotid sinus have a profound influence on convulsions induced various drugs. 
Since it is known that blood gases plaj' an important part in the genesis of 
epileptic convulsions (Gibbs, Lennox and Gibbs, 1940) an investigation of the 
effect of anoxia and carbon dioxide with emphasis on the role pla 3 ’-ed b}"^ the 
buffer nerves seemed of importance. 

Method. The experiments were performed on cats in chloralose narcosis 
(100 mgm./kgm., subcutaneous^)- The convulsive movements were recorded 
from the hind leg through two tambours, and the blood pressure from the 
carotid arteiy. 

Metrazol, picrotoxin, coiyamj’-rtin,- absjmthe and stiychnine were used as 
convulsant drugs. Gas mixtures were prepared bj" flow meters and inhaled 
from Douglas bags (Gellhorn and Packer, 1940). 

Results. Figure 1 shows the effect of anoxia and of carbon dioxide inhala- 
tion on convulsions induced bj”^ absinthe. It is seen that the inhalation of 7 
per cent oxygen for 3 minutes does not alter in anj" way the convulsions. On 
the other hand inhalation of 15 per cent carbon dioxide veiy quicklj’’ diminishes 
the convulsions. The effect is reversible. It is noteworthj'^ that similar effects 
maj’’ be obtained with carbon dioxide when inhaled in much smaller concentra- 
tions (5 per cent) . A similar result is seen in figure 2 in which weak condenser 
discharges applied to the shoulder resulted in general convulsive movements 
in a cat narcotized with chloralose. Here again it was found that the inhalation 
of an oxygen-nitrogen gas mixture did not influence the convulsive movements, 
whereas carbon dioxide abolished them completelj'- during the period of in- 
halation. 

Similar results were obtained with the other convulsant dmgs listed above. 
It was invariablj'’ found that gas mixtures low in ox 3 ’'gen had little or no effect 
on convulsions in narcotized cats independent of the nature of the convulsant 
drug involved. On the other hand carbon dioxide abolished the convulsions 
reversibly although it was administered for shorter periods than were the anoxic 
gas mixtures. 

The most interesting result of the investigation is the fact that the removal 

* Supported by a grant from the John and Marj' R. Markle Foundation. Assistance of 
the W.P.A. Project 30278 is also acknowledged. 

= Kindly supplied by Eli Lilly and Company. 
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of the carotid sinuses and the sectioning of the vagi reversed this result. ig- 
ure 3 shows that the inhalation of 6.2 per cent oxygen for 3 minutes was without 
influence on the strychnine convulsions as long as the buffer nerves were in ac . 
If, however, the carotid sinuses were denervated, and the ^agi cut, the same 
gas mixture abolished the convulsions completely when administered for one 
minute only. Whereas figure 3 shows that the denervation of the carotid sinuses 
and the sectioning of the vagi greatly increased the effect of anoxia on convuh 
sions, figure 4 indicates that this procedure produces the opposite result with 
respect to the effect of carbon dioxide. In this figure, it is seen that the inhala- 
tion of 15 per cent of carbon dioxide in oxygen abolishes completely coriamyrtin 
convulsions in the normal cat when administered for 1 minute. After elimina- 
tion of the buffer mechanisms this gas mixture was found to be ineffective and 
even 60 per cent CO 2 in oxygen had no influence on the convulsions although 
it was administered for a longer period of time. 
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Fig. 1 Fig. 2 

Fig. 1. Cat 2.3 kgm, chloralosane 100 mgm./kgm. subcutaneously. Five-tenths cubic, 
centimeter absinthe intramuscularly and 0.5 cc. intravenously. Condenser discharges ap- 
plied to shoulder. Convulsions recorded from right hind leg (top curve); middle curve; 
blood pressure. Seven per cent 0: for 3 minutes between the signs. Fifteen per cent CO 2 
for 1.5 minutes between the signs. 

Fig. 2. Cat 2.6 kgm., chloralosane 100 mgm./kgm. subcutaneously. Condenser dis- 
charges applied to shoulder. Effect of 6.2 per cent O 2 and 15 per cent CO 2 in O 2 respec- 
tivelj" on chloralosane convulsions. 


Figure 5 shows the effect of anoxia and of carbon dioxide on metrazol convul- 
sions in a cat in which the liuffer nerx'^es have been cut. Fifteen per cent carbon 
dioxide in oxygen administered for 3| minutes abolished temporarily the con- 
vulsions, but the administration of 6.2 per cent ox^^gen for 1 minute only, caused 
an inhilhtion of the convulsions for a much longer period of time. Whereas in 
the normal cat metrazol commlsions are easily abolished by carbon dioxide and 
anoxia has very little if any influence on the convulsions the opposite is true 
aftei the carotid sinus neiu^es and the vagi have been sectioned. 

Figure 0 illustrates the effect of carbon dioxide and anoxia on camphor con- 
vulsions. Carbon dioxide does not interfere at all with these convulsions in the 
“deneiTated” animal, whereas a relatively mild anoxia (7 per cent oxygen) 
abolishes them completely. The concisions reappear, however, in full strength 
aliout 2 minutes after air has been readmitted. ’ 

The fundamental difference in the reaction of convulsing animals to carbon 
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dioxide and anoxia can also be shown if, instead of permitting the animal to 
inhale gas mixtures low in oxygen, asphj'xia is induced bj’^ clamping of the tra- 
chea. Figure 7 shows that the inhalation of 15 per cent carbon dioxide inhaled 
for 3 minutes does not alter the convulsions produced bj^ picrotoxin in a "de- 
nervated” animal. When, however, the trachea was clamped for 1 minute the 



Fig. 3 Fig. 4 

Fig. 3. Cat 2.6 kgm., chloralosane 100 mgm./kgm. subcutaneously. Twenty-five hun- 
dredths strychnine (1:1000) intravenousb"^ and 0.13 strychnine ^ntl•a^lUscula^lJ^ Con- 
denser discharges as in figure 1. Effect of inhalation of 6.2 per cent O 2 on strychnine con- 
vulsions before (left figure) and after denervation of carotid sinuses and bilateral vagot- 
omy (right figure) - 

Fig. 4. Left figure. Cat 2.5 kgm. chloralosane 100 mgm./kgm. subcutaneously. Twenty- 
five hundredths milligram coriamyrtin intravenously. Between the arrows 15 per cent 
COs in oxygen is inhaled. 

Right figure. Cat 2.2 kgm. One hundred milligrams chloralosane subcutaneously; 
0.2 mgm. coriamyrtin intravenously. Bilateral vagotomy and denervation of the carotid 
sinuses. Between the arrows 50 per cent CO 2 in oxygen is inhaled. 



Fig. 5. Cat, 2.6 kgm., chloralosane 100 mgm./kgm. subcutaneously; 0. 25 cc. 10 per cent 
metrazol intravenously. Effect of 6.2 per cent O 2 (for 1 min.) and of 15 per cent CO* in O 2 
for 3.5 minutes on metrazol convulsions in the “dcnervated” cat (carotid sinuses dencr- 
vated and vagi cut). 

contmlsions -were almost immediately abolished and returned only after read- 
mission of air and then at greatly reduced intensitj". 

Discussion. The experiments have shown clearly that both carbon dioxide 
and anoxia can reversibly abolish chemically induced convulsions. Whereas 
anoxia is far more effective than carbon dioxide in the animal ivliose buffer 
neiwes had been eliminated it is found that the opposite is true for the animaj 
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with the carotid sinus nerves and vagi intact. It is very unlikely that this 
result is due to the action of gases low in oxygen and high in carbon dioxide oii 
the chemoreceptors in the carotid sinuses and in the arch of the aorta. ^ 
it is well known that anoxia and carlion dioxide are excitatory stimuli for the 
chemoreceptors and can therefore not be the cause of the reversal of the effects 
of these gases resulting from the denervation of the carotid sinuses. Moie- 
over, experiments of Greenberg and Gellhorn (1940) have shown that the effect 
of carbon dioxide and oxygen lack on medullary reflexes (linguo-maxillary 
reflex) are not modified by the elimination of the buffer nerves. On the other 
hand, it is known from our previous investigations that the liuffer neives inhibit 
convulsions. Since it was shown that the depressor reflexes are involved, it 
.seems most likely that the results reported in this paper are due to a modifica- 
tion of these reflexes under conditions of anoxia and hypercapnia. Gellhorn 
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Fig. 6. Cat, 3 kgm., chlovalosane 103 mgm./kgm. subcutaneously. Five cubic centi- 
meters 20 per cent camphor in oil subcutaneously. Condenser discharges applied to the 
shoulder. Carotid sinuses denervated and vagi cut. Between the arrows 12 per cent CO 2 
and 7 per cent O 2 respectively for 3 minutes. 

Fig. 7. Cat 2.3 kgm. chloralosane 100 mgm./kgm. subcutaneously. Carotid sinuses 
denervated, vagi cut. Five-tenths cubic centimeter picrotoxin 1:1000 intravenously. 
Between 9 and 10, 15 per cent CO 2 in 0» for 3 minutes. Between 11 and 12, artificial res- 
piration stopped for 1 minute and trachea clamped. 


and Lambert (1938, 1939) have shown that the reflexes of the carotid sinuses 
are weakened lay anoxia. Van der Linden (1933) and Gellhorn and Pollack 
have found that during inhalation of carbon dioxide, the depressor reflexes are 
intensified. From the fact that anoxia exerts a strong inhibitory effect on the 
convulsions in the “deneiAmted”^ animal whereas carbon dioxide is without any 
effect or only slightly effective, it must be concluded that the excitability of the 
neurons involved in the production of the convulsions is more susceptible to 
anoxia tlian to an increased carbon dioxide tension. These effects are modified 
by the pressme reflexes originating in the carotid sinuses and the arch of the 
aoita. The inhibitor' action of these reflexes on convulsions is weakened in 
anoxia because the depressor reflexes are weakened and consequently this effect 
IS antagonistic to the inhibitoiy action which anoxia exerts on the neurons them- 
selves. On the other hand, the inhibitory action of the pressure reflexes on 

’ -After denervation of the carotid sinuses and bilateral vagotomy. 
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convulsions is intensified during carbon dioxide inhalation and consequently 
leads to the abolishment of convulsions although the effect of carbon dioxide on 
the brain itself is too weak to produce such a result. 

SUMMARY 

The influence of anoxia and of inhalation of carbon dioxide is investigated on 
chemicallj'^ induced convulsions in the narcotized cat. It is found that anoxia 
promptly abolishes convulsions in the cat whose carotid sinus nerv'^es and vagi 
have been cut, whereas it exerts no or a verj'- slight inhibitoiy effect on the nor- 
mal animal. On the other hand, carbon dioxide is a powerful inhibitorj'^ agent 
as far as comailsions are concerned in the normal animal, but fails to show such 
effects after the denervation of the carotid sinuses and bilateral vagotomy. 
The peculiar reversal in the efficac3’- of carbon dioxide and anoxia which is 
produced bj’’ the elimination of the buffer nerves is explained by the fact that 
variations in the tension of ox3’’gen and cai’bon dioxide in the blood and tissues 
modify the depressor reflexes originating in the carotid sinus and arch of the 
aorta in opposite directions. 
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In a recent study of, the course of a fast-conducting, afferent trigeminal 
system, McKinley and Magoun (1942) described secondaiy trigeminal connec- 
tions from the main sensory and spinal fifth nuclei which passed to the ventro- 
medial part of the opposite side of the medulla, to ascend toward the thalamils. 

Using the same method of study, the oscillographic recording of action po- 
tentials evoked by trigeminal nerve stimulation, the present investigation is 
concerned Mth the more rostral course of this connection, and with the outcome 
of its activity at the thalamic level. Because the spatial representation of 
cutaneous sensibility within the neuraxis is of interest, the distribution of poten- 
tials evoked by peripheral stimulation of fore and hindlimb nerves has been 
compared with those initiated at the face. 

Methods. In cats under nembutal anesthesia fascicles of the infraorbital 
branch of the trigeminal nerve at the face, the median or ulnar nerves at the 
wrist, and the superficial peroneal nerve at the ankle, were stimulated vith single 
condenser discharges delivered through a transformer. The action potentials 
evoked were recorded from the interior of the brain stem Avith a steel needle 
electrode, insulated except for 0.1 to 0.2 mm. at the tip, and oriented in the 
brain with the Horsley-CIarke instrument in the manner described bj’' Ranson 
(1934). An indifferent electrode Avas placed in the Ausual cortex. The remain- 
der of the procedure Avas similar to that employed by McKinley and Magoun 
(1942). 

Results. Characteristics of the recorded potentials. When peripheral nerves 
of the face or limbs Avere stimulated and records Avere taken of the electrical 
activity in afferent patliAvays in the upper brain stem, spike-like potentials 
from fast-conducting elements Avere obtained from the medial lemniscus, the 
ventral thalamic nucleus and the internal capsule. At the midbrain leA^el, 
these spikes commenced 2-2.5 msec, after peripheral trigeminal stimulation, 
4-5 msec, after stimulation of the forelimb neiwes and 7-9 msec, after stimulation 
of hindlimb nerves. In the case of potentials recorded from the internal capsule, 
the latencies folloAAdng stimulation of face, forelimb and hindlimb nerves Avere 
respective^ 3-4, 5.5-7 and 9-12 msec. The delay is attributed for the most 
part to nuclear delay within the thalamus. 

The discharge of lemniscal and thalamic neurons may be further distinguished 
by the more prolonged recovery times of the thalamic neurons, shoAim by Mar- 
shall (19H)- In the present experiments, tests Aidth 2 stimuli indicated that 
. the absolutely unresponsive period for face as Avell as limb responses ranged 

■ Aided by a grant from the Rockefeller Foundation. 
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between 6 and 18 msec, at the lemniscal level and between 30 and 50 msec, at 
the level of the internal capsule. 

Records shown in figure 1 illustrate the potentials obtained from midbrain (A), 
thalamus (B) and internal capsule (C) upon stimulation of trigeminal (1), fore- 
limb (2) and the hindlimlD (3) nerves. The increase in latenc 3 '- encountered 
between the lemniscus and internal capsule is seen, the latencies in msec, to the 
beginning of the spike in each record being: lA— 2, B— 2.2, C— 3;2A— 4, B— 5.6, 
C — 6.5; 3A — 9.5, B — 12. It maj'- be noted that in potentials recorded from the 
thalamus (figs. 1 and 4, 1-3B), the initial positive spike is followed bj’^ a negative 
deflection which is not present in records from the medial lemniscus (fig. 1, 1-3 A) 
or internal capsule (fig. 1, 1-2C). In recording from the ventral thalamic nu- 
cleus, the discharge of ramif 3 dng terminals of lemniscal fillers and of thalamic 
axons coursing toward the internal cajjsule would appear to complicate the dis- 



Fig. 1. Action potentials recorded from the medial lemniscus (A), ventral thalamic 
nucleus (B) and internal capsule (C) upon stimulation of peripheral branches of trigeminal 
(1), forelimb (2) and hindlimb (3) nerves. Application of maximal shocks shown by arrows, 
time in msec, and calibration in nV. An upward deflection indicates positivity at the 
needle electrode. 

charge of an 3 ^ particular group of thalamic cells. The potentials recorded from 
the ventral nucleus in these experiments have usualb’" resembled those from the 
lemniscus or internal capsule rather than the barrage of diphasic or negative 
spikes found during a similar time interval b 3 '- Marshall (1941). 

The distribution of points from which these action potentials of fast-conducting 
afferent neurons have been recorded is shown in figure 2 b 3 '- solid s 3 '^mbols. Po- 
tentials evoked b 3 ’’ stimulating peripheral branches of the trigeminal, forelimb 
or hindlimb nerves on the opposite side of the bod 3 '' are indicated respective^’’ 
b 3 ’’ circles, triangles and squares. 

Midbrain. Through the midbrain fast potentials from limbs and face were 
recorded from the medial lemniscus and, in the case of the face, from the adjacent 
dorsomedial area as well (fig. 2A). At more anterior mesencephalic levels where 
the medial lemniscus is located above the substantia nigra or where it occupies 
a region on the medial aspect of the medial geniculate bod 3 q this lemniscal 
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Fig. 2. Transverse sections through the left half of the brain stem of the cat showing the . 
distribution of points from which potentials w'ere recorded upon stimulating peripheral 
nerves on the opposite side of the body. Potentials of fast-conducting systems are shown 
with solid symbols; circles for face, triangles for forelimb and squares for hindlimb. Later 
and more dispersed potentials are shown with half -filled (A) or stippled symbols (B). 
Abbreviations are as follows: 

A, aqueduct-, BC, brachium conjunctivum; BfC, brachium of inferior colliculus; BP, 
basis pedunculi; C, nucleus centralis; CL, nucleus centralis lateralis; CM, centre median; 
H, habenula; HP, habenulo-peduncular tract; IC, internal capsule; L, nucleus lateralis; 
LG, lateral geniculate body; M, nucleus medialis; ML, medial lemniscus; MLF, medial 
longitudinal fasciculus; 0, oculomotor nucleus; OT, optic tract; P, pons; R, nucleus reun- 
ions; SC, superior colliculus; VL, nucleus ventralis lateralis; VM, nucleus ventromedialis; 
yPL, nucleus ventralis posterolateralis (externa); YPM, nucleus ventralis posteromedialis 
(arcuata); 3V, third ventricle. 
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distribution of fast-conducting fibers was maintained. It is not known whether 
the potentials recorded from the mesencephalic course of the medial lemniscus 
upon stimulation of limb nerves are derived entirely from fibers arising in the 
posterior cplumn nuclei (Therman, 1941) or whether they are obtained iu 
part also from intermixed fibers of the spinothalamic tracts. In individual 
experiments a tendency was evident for a mediolateral arrangement of face, 
forelhnb and hindlimb potentials -uithin the lemniscus; this is obscured upon 
assembling the' data from a number of experiments, as is the case at each of the 
levels in figure 2. 

Ventral thalamic nucleus. At the caudal end of the diencephalon where the 
medial lemniscus is commencing to enter the ventral thalamic nucleus, potentials 
evoked by trigeminal stimulation are seen to be recorded from its posteromedial 
part, while those produced by the stimulation of limb nerves are obtained chiefly 
from more laterally situated points (fig. 2B). 

At the level at wliich the ventral thalamic nucleus reaches its greatest extent, 
the spatial representation of face and limb potentials in its medial and lateral 
parts is remarkable (fig. 2C). Hindlimb representation is arranged around the 
outer rim of the posterolateral nucleus. Forelimb representation is present 
here as well, and extends through the remainder of the posterolateral nucleus. 
Trigeminal representation is almost entirely confined to the posteromedial nu- 
cleus (fig. 1C). ' Forelimb representation appears greater than that of the hind- 
limb, and that of the face appears almost as great as the representation of the' 
limbs combined. Upon stimulating branches of the maxillary division, the 
largest trigeminal potentials were recorded from the central portion of the pos- 
teromedial nucleus (fig. 2C) . In instances in wliich the mandibular or ophthalmic 
divisions of the trigeminal were employed, their projection was to the same 
region. Fragmentary data indicate an ipsilateral trigeminal representation in 
the posteromedial nucleus, perhaps more laterall}'' situated than the contralat- 
eral representation. 

Farther rostrad (fig. 2D), the posteromedial nucleus is no longer present, 
but limb afferents are still terminating in the rostral end of the posterolateral 
nucleus. At this level potentials from axons of more caudally placed thalamic 
neurons, mediating sensation from the face and' limbs, are recorded in the retic- 
ular thalamic nucleus and the internal capsule as these axons course toward 
the cerebral cortex (fig. 2D). At still more anterior levels all are found in the 
internal capsule. . 

On a few occasions face and limb potentials similar to those of the lemniscal 
system were recorded from the subthalamus and zona incerta at the levels of 
figure 2, B and C. They were obtained from points definitely outside of the 
external medullary lamina, and appear to indicate the presence of an extra- 
thalamic collateral from the lemniscal pathway. 

Protocol. The' spatial projection of pathways from the face and limbs upon 
the ventral thalamic nucleus is as evident in a single experiment as upon as- 
sembling the data from a number of animals. In the protocol illustrated in 
figure 3, punctures 1 to 5 were made at millimeter intervals and in each puncture 
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the electrode was halted at half millimeter intervals A to G, and the nerves of 
the hindleg, foreleg and face on the opposite side of the body were serially stim- 
ulated. Hindleg activity was recorded only in puncture 1 at stops B-D in the 
external part of the posterolateral nucleus. Foreleg activity was obtained at 
stops B-F in puncture 2 and stops E-G in puncture 3, and was extensively dis- 
tributed through the medial part of the posterolateral nucleus. Face activit_y 
was recorded at stops A-F in puncture 3, stops B-F in puncture 4 and stops C-D 
in puncture 5, and was distributed through the posteromedial part of the ventral 
nucleus. From within outward in the ventral nucleus, representation is seen 
to be in the order of face, forelimb and hindlimb. 

Centre median. In the caudal part of the thalamus potentials of a character 
significant!}’’ different from those of the lemniscal system were recorded from 
points designated b}" stippled .symbols in figure 2B, and distributed in and near 



Fig. 4. Potentials recorded from the centre median (A) and from the region where the 
lemniscus is entering the ventral thalamic nucleus at the same level (B), upon stimulating 
trigeminal (1), forelimb (2) and hindlimb (3) nerves. Latencies in msec, are; 1 A-9, B-2; 
2 A-12, B4.5; 3 A-15, B-7. Calibration in /xV. and time in 16.7 msec. 


the centre median. Here a late discharge was evoked by peripheral stimulation 
of both face and limb nerves; the record of this discharge has the form of a wave 
rather than a spike and was of long duration lasting from 20 to 30 msec. (fig. 4, 
1—3 A). The latency of these potentials increased with the increased distance of 
peripheral stimulation but the increment added to the latenc}'^ of the lemniscal 
discharge at this level appeared to be a fairly constant one of 7 to 10 msec. In 
figure 4 the latenc}'^ and duration of the centre median discharge (fig. 4, 1-3A) is 
compared with that of the lemniscal-ventral nucleus system at the same level 
(fig. 4, 1-3B). .... 

If these centre median potentials were elicited from the thalamic termination 
of slowl}’ conducting afferent pathways, the progressive!}’ greater conducting 
distances from face and limbs should have resulted in increases in latency mark- 
edly greater than those found. The threshold of peripheral stimulation required 
for producing the centre median discharge was low and similar to that required 
for the discharge of the ventral thalamic nucleus. Both observations suggest 
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that the late centre median discharge is the result of activity delayed in some 
relay system. Whether of significance or not this activity was best obtained in 
2 griimnk with chronic lesions of the sensory cortex and extensive though not 
complete degeneration of the ventral thalamic nucleus. 

Evoked potentials intermediate in character between those of the lemniscal 
system and those of the centre median were sometimes encountered in the region 
of the mesencephalic course of the spinothalamic tracts, upon stimulation of 
face as well as limb nerves (fig. 2A, half -filled symbols). These potentials were 
of small magnitude and long duration, up to 10 or 12 msec. Their latency was 
2 or 3 msec, greater than that of the lemniscal spikes. The threshold for 
obtaining them was low and similar to that required for the lemniscal dis- 
charge. 

Discussion. Of the ascending pathways to the thalamus, those mediating 
sensation from the oral cavity and face have been least well worked out. Prac- 
tically nothing is known concerning the ascending course and thalamic termina- 
tion of the gustatory lemniscus. More attention has been devoted to afferent 
trigeminal pathways, and the recent degeneration study by Walker (1939) in 
the monkey has demonstrated crossed secondary trigeminal pathways passing 
forward in the spinothalamic tracts and in and adjacent to the medial lemniscus 
to terminate in the posteromedial part of the ventral thalamic nucleus. The 
present results on the cat are in general agreement ivith Walker’s observations. 

The results of the present study and those of Hanson and Ingram (1932) 
on the termination of the medial lemniscus and brachium conjunctivum, pre- 
sent a picture of the functional subdivision of the ventral thalamic nucleus of 
the cat, based on the termination of afferent systems within it, which appears 
identical with that formulated by Waller (1940) on the basis of retrograde de- 
generation studies following lesions of the sensory cortex. These results distin- 
guish the terminal regions for the trigeminal lemniscus and the brachium con- 
junctivum, but otherwise support the topographic analysis of the thalamus of 
the cat presented by Ingram, Hannett and Hanson (1932). 

No study has been made of the modality of sensation transmitted bj'' the 
lemniscus-ventral thalamic nucleus pathway investigated in these experiments. 
By analogy with the results of Marshall (1941) and Harrison and Corbin (1942) 
it is likely that it mediates tactile sensation. The latency of potentials en- 
countered at the level of the internal capsule suggests that the discharge of this 
sj^stem accounts in part at least for the “p^’hnary response” of the sensory cor- 
tex to peripheral stimulation, which Dempsey, Morison and Morison (1941) 
have abolished by subcortical lesions in a position to interrupt this pathway, and 
which Morison, Dempsey and Morison (1941) and Morison and Dempsey (1942) 
have evoked by direct stimulation of the ventral thalamic nucleus. Indications 
of actmty m the centre median following peripheral nerve stimulation, and 
piesumablj’- induced through some relay system, are of interest because of the 
distribution of this actmty in the caudal part of the intralaminar thalamic 
area the simulation of which by Morison and Dempsey (1942) and Dempsey and 
Monson (1942) has resulted in a ‘Tecmiting response” over an extensive region 
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SUMMARY 

With oscillographic recording of potentials evoked by peripheral nei-ve stimula- 
tion, the mesencephalic course and thalamic termination of fast-conducting 
pathways from face and limbs have been studied in the cat. 

These pathways ascend in and adjacent to the medial lemniscus and terminate 
in the ventral thalamic nucleus, the limb pathways in its posterolateral or ex- 
ternal division and the tiigeminal pathways in its posteromedial Or arcuate 
division. 

The discharge of these pathways fires cells of the ventral thalamic nucleus 
whose axons pass forward in the internal capsule toward the cortex. Apparently 
by some -relay system the centre median is also fired, but considerably later. 
No evoked potentials were detected in other thalamic nuclei. 
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Both, urogastrone, a substance extracted from the urine, and enterogastrone, a 
hormone hberated by the small intestine, inhibit gastric secretion. The possi- 
bility arose that urogastrone acted through the liberation of enterogastrone be- 
cause of the similarity of some of then- physiological characteristics. If such were 
the case, then the presence of the small intestine, which is the source of entero- 
gastrone, would be necessary for the inhibition of gastric secretion by uro- 
gastrone. Friedman (1941) reported that a gastric secretory depressant, ex- 
tracted from urine, was ineffective after the removal of the smaU intestine in 
sacrifice experiments on dogs. Unpublished data obtained in tliis laboratory, 
however, indicated that crude preparations of urogastrone were effective inhibi- 
tors of gastric secretion in the absence of the small intestine. Because of this 
apparent discrepancy, it was thought worthwhile to investigate this problem using 
more highly purified extracts of urogastrone and chronic enterectomizeddogs. 

Methobs. In order to study the effect of urogastrone on gastric secretion in 
enterectomized animals, the entire small intestine from the pylorus to the ileo- 
cecal sphincter was removed under aseptic conditions in 6 dogs. The body of the- 
pancreas was excised, the common bile duct ligated^and external drainage of the 
stomach was established with the aid of a Pezzer catheter. The head and tail of 
the pancreas, with their blood supplies intact, were tied so as to prevent drainage 
of pancreatic juice into the abdominal cavity. The dogs were maintained post- 
operatively by the subcutaneous administration of an aqueous solution con- 
taining 0.8 per cent NaCl, 0.03 per cent KCl, 0.014 per cent CaCl 2 , and 0.016 per 
cent MgCl2-6H20 at 6-hour intervals. Eight dogs with vagotomized total 
gastric pouches were used as controls. 

Experimentation was begun two days after the operation as follows; Gastric 
secretion was stimulated by the subcutaneous injection of 0.15 mgm. histamine 
dihydrochloride at 10-minute intervals and w^as collected in 20-minute periods. 
When the rate of secretion became constant for three consecutive periods, 1.0 
mgm. urogastrone was injected intravenously, and the administration of hista- 
mine was continued for an additional two hours’ time. The free acidity of the 
gastric juice was determined by titration with standard alkali with Topfer’s 
reagent as the indicator. The urogastrone used in this study assayed 0.25 mgm. 
per “dose” (Gray, Wfieczorowski, Wells and Harris, 1942). 

Results. Eight control experiments were performed on eight dogs with 
vagotomized total gastric pouches. In every experiment the volume of secretion 
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and the output of free acid were decreased during the first hour following the 
injection of urogastrone. The average volume of secretion during the first hour 
was 92.3 cc. and the average output of free acid was 11.260 m. eq. During the 
hour folio-wing the injection of urogasti-one, the average volume of secretion was 
reduced to 51.5 cc. and the average output of free acid to 6.638 m. eq. (table 1). 

Twelve similar experiments were performed on 6 dogs in whom the entire 
small intestine had been removed. The data of this series are shovm in table 1. 
The volume of secretion and the output of free acid during the hour folio-wing the 
injection of urogastrone were always inhibited in a manner similar to that ob- 

TABLE 1 


The effect of urogastrone on gastric secretion in cnterectomizcd dogs 


DOG NO. 

DATE 

1st hour* 

2nd hour 

3 rd hour 

Vol. 

i Output of 
free acid 

Vol. 

Output of 
free acid 

Vol. 

Output of 
free acid 



1 cc. 

m. eg. 

cc. 

m. eg. 

CC . 

m. eg. 

5 

10 / 22/41 

24 

1.530 

19 

0.826 

18 

1.040 

5 

10 / 23/41 

36 

2.786 

28 

1.472 

40 

2.380 

6 

10 / 22/41 

51 

6.054 

28 

2.896 

37 

4.066 

6 

10 / 23/41 

64 

8.494 

21 

2.268 

41 

3.210 

8 

10 / 27/41 

101 

12.534 ' 

70 

8.408 

82 

10.552 

9 

11 / 12/41 

149 

16.662 ' 

69 

7.336 

97 

10.870 

9 

11 / 13/41 

123 

12.702 ■ 

53 

4.156 

64 

5.620 

9 

11 / 14/41 

97 

10.382 ■ 

38 

2.320 

39 

1.748 

9 

11 / 15/41 

157 

16.776 

59 

3.398 

39 

2.916 

13 

11 / 28/41 

97 

7.438 ' 

23 

1.166 

11 

0.212 

14 

11 / 28/41 

59 

6.126 

37 

3.264 

52 

5.378 

14 

11 / 29/41 

91 '^' 

8.722 

30 

1.816 

34 

1.532 

Average! 

87.4 

9.184 

1 

39.6 

3.277 

46.2 

4.127 

Average of controls J.. . . 



51.5 

6.638 

71.3 

8.435 


* After first hour, 1.0 mgm. urogastrone injected intravenously, 
t Average of 12 experiments on 6 enterectomized dogs. 

t Average of 8 experiments on 8 dogs with vagotomized total gastric pouches. 


served in the total gastric pouch dogs. The average volume of secretion was 
reduced from 87.4 to 39.6 cc., and the average output of free acid from 9.184 to 
3.277 m. eq. 

In order to make a comparison of the effect of urogastrone on gastric secretion 
in the control and enterectomized dogs, the volume of secretion and output of free 
acid in each experiment were calculated in terms of per cent of the average values 
of the first three collection periods (first hour). On such a basis, the average per 
cent values of the volume of secretion and the output of free acid for each collec- 
tion period (20 min.) have been represented graphically in figure 1. The 
maximum inhibition took place during the second 20-minute period follo-uing the 
injection of urogastrone in both the control and enterectomized dogs. During 
the period of maximum inhibition, the volume of secretion was reduced by 43.9 
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per cent in the controls and 68.6 per cent in the enterectomized animals; the 
output of free acid was reduced by 50 per cent in the controls and 80.6 per cent in 
the enterectomized animals. These data indicate the similarity between the 
response of the enterectomized and control dogs to urogastrone. If any differ- 
ence did exist, the degree of inhibition was greater in the enterectomized dogs. 

Discussion. The evidence obtained in these experiments indicates that the 
inhibitory effect of urogastrone on gastric secretion is not dependent upon the 
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• }‘ mgm. histamine dihydrochloride was injected subcutaneously at 10-minute 

in ervals throughout the experimental period. 


ma mtestme. Therefore, it is highly improbable that urogastrone acts by 

1 era mg enterogastrone, one of the honnones of the small intestine. The 

reasons or the disagreement between these results and those of Friedman (1941) 

are pro^ ably to be found in the differences in experimental procedure. Friedman 

mpoyed acutely enterectomized animals under sodium pento-barbital an- 

fron??hor^ variable doses of urine extracts prepared in a different manner 
irom those employed in this study. 
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CONGLHSIONS 

1. The intravenous administration of 1.0 mgm. of urogastrone effectively in- 
hibited the volume of gastric secretion and the output of free acid in 12 experi- 
ments on 6 enterectomized dogs and in 8 experiments on 8 dogs with vagotomized 
total gastric pouclies. 

2. No evidence was obtained which would indicate that urogastrone inhibits 
gastric secretion through the liberation of enterogastrone. 
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Recent work (10, 4) has shown that the polysaccharide inulin does not pene- 
trate the blood-aqueous barrier under normal conditions although it may do so 
when the permeability of the membrane is increased by paracentesis (4) or by 
instilling certain vasodilatory drugs into the eye (9) . The present investigation 
was carried out with the purpose of defining the hunting molecular size of lipoid 
insoluble non-electrolytes penetrating the membranes which separate the aque- 
ous humour of the eye from the blood. A comparison was made of the pene- 
trating properties of four sugars with different molecular sizes, namely, xylose, 
glucose, sucrose and raffinose. 

Methods. Dogs were anesthetised with sodium amytal and injected intra- 
venously with a solution of the sugar being studied. A specimen of aqueous 
humour was obtained from one eye before injection and from the other eye at 
a desired interval after injection. In a few instances where a considerable 
increase in aqueous sugar was expected no aqueous was taken before injection 
of the sugar, the two specimens being taken at suitable intervals later. In our 
experiments the reducing value of the aqueous was consistently close to that 
of the venous serum, averaging 3.6 per cent lower. In these experiments the 
initial aqueous value was taken as 3.5 per cent less than the initial serum value. 
It was felt that the error involved in this assumption was not great as the in- 
crease in the aqueous reducing value was 50 per cent or more and that it was 
outweighed by the advantages of obtaining two points on the cun^e udth the 
one animal. Specimens of venous blood were taken before injection and at 
various periods during the course of the experiment; after clotting, these were 
centrifuged. Determinations of reducing values were made on 0.2 cc. samples 
of aqueous humour and of serum bj'- the method of Hagedorn and Jensen (7). 
The reducing values of sucrose and raffinose were taken as the increase after 
hydrolysis by N/10 sulfuric acid. Duplicates agreed to nithin 3 per cent. 

For short periods, up to twenty minutes, a single injection of an isotonic 
solution of the sugar was given in sufficient quantity to raise the blood sugar 
level to two or three times the normal. Over longer periods it was necessary 
to use a slow continuous injection of a more concentrated solution to maintain 
the increased blood level. It will be noted that in the case of the sucrose figures, 
the rise in serum, levels is somewhat greater, in spite of a much slower injection 
rate. A comparison of the two results for the 30 minute inteiwal would indicate 
that this factor is unimportant. Of thirty completed experiments the results 
of six were rejected because the blood sugar levels either were not raised suffi- 
ciently or were not satisfactorily maintained during the period of injection. 

» Under grant from the Banting Research Foundation, 
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Results. The reducing values were calculated in terms of milligrams per 
cent of glucose. The ratio R, where R equals 


100 X 


Ai — Aq 

Si -S o 


is to be plotted against the time after injection at which the second aqueous 
sample was taken. Ao and So are the pre-injection reducing values of aqueous 
and serum respectively. Ai is the reducing value of the second aqueous sample 
and Si is the average reducing value of the serum during the period of injection. 
The ratio R gives us a measure of the concentration gradient between the serum 
and aqueous humor. 

Table 1 shows the values obtained in two experiments with glucose. These 
are selected as being typical of results obtained. The second example is one 


TABLE 1 
Glucose 


TIME AFTER 

1st injection 

FLUID 

REDUCING 

VALXLE 

INCREASE 

IN SUGAR 

AVERAGE SERUM 
INCREASE 

R 

minutes 





■ 

0 

Aqueous 

74 




90 

Aqueous 

186 

112 



0 

Serum 

76 




3 

Serum 

210 

134 



30 

Serum 

267 

191 


1 

60 

Serum 

222 

146 



90 

Serum 

270 

194 

166 

65 

0 

1 

Aqueous 

98 




65 

Aqueous 

174 

76 



0 

Serum 

93 




3 

Serum 

413 

271 



27 

Serum 

282 

140 



65 

Serum 

155 

13 




discarded because the serum reducing value was not maintamed during the 
experiment. The first is given as a straightforward result: there is nothing in 
the experiment to indicate an error. Table 2 summarizes the results of all 
four sugars. 

If the results R are plotted against time it becomes apparent that both the 
initial time of penetration and the subsequent increase in concentration of the 
four sugars in the aqueous humour is inversely related to the molecular weight. 
Thus for xylose with a molecular weight of 150, a rapid rate of penetration was 
fovmd and the decrease in concentration gradient between the blood and the 
eye was about 25 per cent at three minutes after injection. 

Glucose, with a molecular weight of 180, behaved in much the same manner 
with a decrease in concentration gradient of about 25 per cent in ten minutes. 
Sucrose diffusion was much slower, the concentration gradient being decreased 
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by about 25 per cent only after three hours. The penetration of raflanose in 
one hour is almost neghgible, i.e., it is within the error of titration. At three 
hours the penetration is measurable but so low as to indicate that raffinose, 
with a molecular weight of 504, approaches the limiting size of a lipoid insoluble 
non-electrolyte molecule penetrating the blood aqueous barrier. 

Discussion. Since the difference between the successive members of the 
series glucose, sucrose and raffinose is represented by one hexose unit it is justi- 


TABLE 2 


TIlIE 

STJGAR 

INCREASE IN 
AVERAGE SERUM 
AFTER INJECTION 

INCREASE 

IN AQUEOUS 

VALUE rOE R 

1.5 min. 

Xylose 

163 mgm. % 

40 mgm. % 

25 

5 min. 

Xylose 

165 

39 

24 

15 min. 

Xylose 

150 

52 

35 

30 min. 

Xylose 

142 

65 

46 

60 min. 

Xylose 

113 

68 

60 

60 min. 

Xylose 

175 

85 

49 

60 min. 

Xylose 

103 

46 

43 

90 min. 

Xylose 

1164 

112 

68 

8 min. 

Glucose 

196 mgm. % 

39 mgm. % 

20 

14 min. 

Glucose 

177 

58 

37 

16 min. 

Glucose 

234 

73 

31 

16 min. 

Glucose 

212 

71 

33 

30 min. 

Glucose 

187 

85 

45 

1 hour 

Glucose 

236 

103 

44 

90 min. 

Glucose 

166 

112 

65 

120 min. 

Glucose 

202 

60 

30 

200 min. 

Glucose 

237 

92 

39 

15 min. 

Sucrose 

373 

0 

0 

19 min. 

Sucrose 

402 

8 

2 

30 min. 

Sucrose 

278 

15 

5 

30 min. 

Sucrose 

651 

44 

7 

2 hours 

Sucrose 

343 

34 

10 

3 hours 

Sucrose 

432 

105 

24 

1 hour 

Raffinose 

195 mgm. % 

4 mgm. % 

2 

3 hours 

Raffinose 

245 

10 

4 


fiable to assume that the molecular weight of these sugars is indicative of molecu- 
lar size. In the case of the polysaccharide inulin one axis of the molecule is 
believed to be some ten times the length of the other axis. Hence the molecule 
has a low diffusion co-efficient and behaves as though it has a molecular weight 
of the order of 15,000 (1) instead of 5000 (11) which other methods give it. It 
IS reasonable to assume that the disaccharides and trisaccharides have a mole- 
cule much more spherical and more proportional in size to their molecular weight 
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That molecular size is a determining factor in penetration through certain 
organized cellular membranes has been demonstrated by Chambers (2, 5). 
Admittedly less importance is attached to this factor in the case of leaky mem- 
branes like the capillary endothelium, wliich allows substances to pass through 
large intercellular pores, than for closely packed cell layers such as are found 
in the proximal tubules of the kidney. In the vascular structures which are 
the sites of the aqueous formation in the eye, the blood is separated from the 
aqueous humour by capillary endothelium, the membrane of Bruch, and pig- 
mented epithelium. Here it would be expected that the factor of molecular 
size would largely determine the penetration of a substance from the blood into 
the aqueous. 

It seems probable that xjdose and glucose are capable of passing from the 
blood to the aqueous humour both through the cells as well as through inter- 
cellular pores while the slow penetration of sucrose and raffinose is . explained 
by their passage only through intercellular pores. In the case of raflmose, the 
actual size of the molecule must approximate sufficiently closely to the pore 
size as to be a limiting factor in the penetration of this sugar. 

It has been sho-wn that the osmotic pressure of the aqueous humour is meas- 
urably greater than that of the blood plasma (3, 6). The concentration of 
chloride in the aqueous humour is also greater than that expected on the basis 
of calculation and is not due to metaboUc activity of the lens or to the variations 
in the blood chloride level (4). 

These discrepancies from the distribution ratio expected upon the basis of a 
filtration process are not found in the fluid formed after paracentesis (4) and 
are abohshed by poisoning the eye tissues (8), facts which suggest that in the 
formation of the aqueous humour, some secretory activity is imposed upon the 
primar 3 '' process of filtration. For this to be true the structure of the blood- 
aqueous humour barrier must be such that its intercellular spaces are small 
enough to prevent the ready escape of the secreted substances back into the 
blood ; other\vise the estabhshment of a concentration gradient would be virtually 
impossible. That this structural basis for the validation of a secretory process 
is provided for is shown by the relative impermeability of the eye membranes 
to the comparatively small molecule of raffinose. 

It will be noted that the glucose curve is more irregular than the others and 
except for one single result (the 90 min. period, see also table 1) there is a sug- 
gestion that though glucose enters the eye rapidly there is some mechanism 
preventing excessive accumulation in the aqueous humour. This may indicate 
some propert 3 '' of the eye but on the other hand it may merely be a reflection of 
the greater difficulty encoimtered with this sugar in maintaining the high serum 
level. Despite the injection of some 100 cc. of 18 per cent glucose per hour the 
serum levels of four of these dogs failed to be maintained. It is felt that because 
of this there may have been changes in pressure relationships sufficiently great 
to affect the permeability of the blood-aqueous barrier. In the absence of 
intra-ocular and of blood pressure deteiminations in these animals such a sug- 
gestion is mere surmise but nevertheless there is some room for doubt about the 
interpretation of the latter part of the glucose curve. 
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CONCLUSIONS 

1. Penetration of the sugars xylose, glucose, sucrose and raffinose from the 
blood stream into the aqueous humour is ihverselj’’ related to their molecular size. 

2. Raffinose, with a molecular weight of 504, represents the limit of the size 
of lipoid insoluble nonelectrolyte molecule entering the eye. 

3. The relative impermeability of the eye membranes to raffinose is compatible 
with the theory of a secretory activity being imposed upon the primary process 
of filtration in the formation of the aqueous humour. 
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The intravenous injection of many foreign substances and of tissue extracts as 
well as peptone has long been knotvn to lead to a condition of peripheral vascular 
collapse (1, 2, 3, 4) associated vith capillary dilatation, increased capillary 
permeability, and leakage of plasma (2, 6) leading to a decreased circulating 
blood volume and hypotension. In this state, the essential factor involved ap- 
pears to be capillaiy-wall damage leading to the increased permeability, and this 
has been attributed to the secondarj’- liberation of histamine (5). 

It has been postulated by Swingle and his associates (6, 7) that the action of 
adrenal cortical extracts in surgical and other types of shock is in large part to 
prevent such an increase in capillary permeability. Experimental evidence sup- 
porting this view has been advanced by the work of Menkin (8) who has shown 
that in the rabbit adrenal cortical extract prevents the increase in permeability of 
the skin capillaries caused by leukotaxine. This observation has been con- 
firmed by us (9). We found that this neutralizing action was not obtained with 
desoxycorticosterone but did occur Avith corticosterone. 

It appeared to us that it would be desirable to repeat the observation on caprl- 
larj'' permeability mth the method of Menkin (8), using peptone as a test sub- 
stance instead of leukotaxine. Such observations on the capillaries of the rabbit, 
as measured by dye accumulation in a local area of the skin, would serve to test 
directly a, the action of peptone, and 6, the possible neutralizing effect of adrenal 
extract and some of the adrenal steroids. 

Methods. In twenty-three rabbits an intracutaneous injection of 0.2 cc. of a 
2 per cent solution of Difeo Bacto-peptone was followed ten minutes later by an 
intravenous injection of 10 cc. of 1^ per cent solution of trypan blue. A com- 
parison of the color of the skin over the site of injection "with that of the surround- 
ing area gave an indication of the amount of dye accumulating in the tissues at 
this point. A 4 plus reaction was considered one that gave an intense blue color- 
ation over the site of injection. Less intense color concentrations were graded 
down to 1 plus; a doubtful accumulation of dye was noted as ? plus; no accumula- 
tion as 0, and blanching of the area of injection bj’' —1. Because of the vari- 
ability in response of rabbits, the effects were' compared on the same rabbit. For 
this purpose, the various adrenal cortical preparations were tested at the same 
time in different regions of the denuded skin, both when used alone or in com- 
bination vdth peptone. In the latter case the same amount of peptone was used 
as in the test with peptone alone. When the adrenal cortex extract was used 

* Aided by the A.D. Nast Fund for Cardiovascular Research and Grant no. 465 of the 
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0.1 cc. of the commercial preparation (Wilson)^ was injected. In the case of the 
other preparations of adrenal cortex tested, i.e., corticosterone, compound E, and 
anhydrohydroxyprogesterone® which are relatively insoluble in water, solutions 
were made as follows: The steroids were dissolved in a small quantity of alcohol, 
phj'^siological saline was added and the alcohol driven off by heatmg in a water 
bath. The material remained in solution when the temperature was near the 
boiling point, but at room temperature much, but not all, of the material re- 
crystallized to form a suspension. Since the amount recrystallized was less than 
the original, the remainder was in solution or in a very fine suspension. After 
cooling, the final mixture was diluted until each cubic centimeter of solution con- 

TABLE 1 


The effect of peptone and of corticosterone, compound E and adrenal cortical extract, with and 
without peptone, on the local accumulation of trypan blue in the rabbit's skin 


CORTICOSTERONE 

CORTICOSTERONE 
WITH PEPTONE 

COMPOUND E 

COMPOUND E 

1 WITH PEPTONE 

1 

PEPTONE 

ADRENAL CORTICAL 
EXTRACT WITH 
PEPTONE 

0 

++-b 

0 

-b+++ 

+++ 


0 

+ + 

0 

++ 


-1 

0 

0 

0 

H — h 

+ + 1 

-1 

-b 

_| — I — [- 

-b+-b 

-b-b-b+ 

d — i — i — b 

d- 

-) — 1 — h 

-1 — 

H — h 

-b+ 

+ + , 

0 

?-!- 

+-i- 

0 

d — b 

-b-b-b 

0 

0 

0 

0 

0 

d-d- 

0 



+-1-+ 1 

-b-b+ 1 

d--b 

-1 



0 

-b 

-b 

0 



-b 

-b+-b 

H — 1" 

+ 



+ 

++ 

++ 




+ 

+-b 

— 1" 

0 



0 

+ 

d-d- 

0 




++-b 1 

-b 

0 


++ • 



0 



+-t- 
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Each line across represents observations on one rabbit. 


tained from 2 to 5 mgm. of the steroid. Desoxycorticosterone acetate was not 
used because of its lack of action on the leukotaxine effect (9). 

Results. The results are summarized in tables 1 and 2. It wiU be noted 
that the peptone solution caused an increased skin capillary permeability in 20 
of the 23 anmals tested, the response ranging in the positive results from 1 plus 
to 4 plus. It is this vanability in results that makes it essential in noting the 


conicosterone .S to Dr Gilbert (siL ® 

progesterone. (hchering Corp.) for supplying the anhydrohydroxy- 
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effects of the corticosteroids to compare them mth the control on the same 
animal. This was the procedure followed in this study. The results in table 1 
show that adrenal cortical extract prevented the manifestation of increased 
capillary permeability of the peptone when it was injected simultaneously with 
it. The occasional blanching noted occurs also when adrenal cortical extract is 
injected alone (9). 

None of the adrenal cortex steroids nor anhj'^drohydroxyprogesterone dupli- 
cated the action of the cortical extract since they failed in most instances to 
neutralize the peptone effect, as tables 1 and 2 show. 

The results nith peptone differ from those reported nith leukotaxine in that 
the neutralizing effect previously observed (9) when corticosterone was added to 
leukotaxine was not found when it Avas added to peptone. In order to check 
this discrepancj'^ the experiments Awth leukotaxine'* and corticosterone were 
repeated. 


TABLE 2 TABLE 3 

The effect of anhydrohydroxyprogeslcronc, with Effect of corticosterone on the leuko- 

and without peptone, on the local accumula- taxine action in causing accumu- 


Hon of trypan blue in the rabbit’s 
skin 

lation of trypan blue in the 
rabbit’s skin 

ANHYDUOHVDROXY- 

PROGESTERONE 

AKHYDROnYDROXY- 
PROGESTERONE 
WITH PEPTONE 

PEPTONE 

CORTICOSTERONE 
WITH LEUKOTAXINE 

leukotaxine 

-t-H 

+ 1 

+ 

+4-1- 

++++ 

?+ 


0 


-I-+-1-+ 

0 

+++ 

-f 

+++ 


— 1" 

++ 

+-l- 

++-1- 

+++ 




0 

4-+ 




?+ 

-b-b 




0 

+-b 





-b-b 


Each line across represents observations on one 
rabbit. 


Each line across represents 
observations on one rabbit. 


The neutrahzing effect of corticosterone tvas manifest mainly in those animals 
in which the leukotaxine by itself gave the least effects (table 3). The neutral- 
izing action of corticosterone against leukotaxine is apparently not potverful, and 
is notetvorthy only by comparison Avith desoxycorticosterone acetate which is 
ineffectual eAmn when used against AA^eak solutions of leukotaxine. 

Discussion. The fact that corticosterone consistently failed to prevent weak 
reactions to peptone, AA^hile preA’-enting weak reactions to leukotaxine, suggests 
that the capillary damaging factor in the peptone solution is not leukotaxine but 
some substance A\4th a leukotaxine-hke action. This supposition is not unlikely 
since we have repeatedly observed leukotaxine-like reactions following the injec- 
tion of substances in no AA^ay related to protein catabolism. Thus, a preparation 

■* We are indebted to Dr. V. Menkin for generously supplying us with a quantity of fresh 
leukotaxine. 
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of commercial gum acacia (6 per cent) was found to produce an accumulation of 
dye in the rabbit’s skin. Apparently therefore the leukota.^e effect'on capillary 
permeability is shared by peptone and other protein bfealcdown' products (10) 
and is not a specific but rather a generic response of capillaries to some noxious 
agents. If such an action on skin capillary permeability is typical of effects 
throughout the body, it may possibly be involved in some of the. untoward reac- 
tions occasionally encountered with some gum acacia preparations used in the 

treatment of shock (11). ' . _ , 

Our experiments demonstrate that the intracutaneous injection .gf peptone 
increases the permeability of capillaries and therefore lend support to the view 
that peptone has a like action in other regions. Our results do not. reveal the 
magnitude of these changes, and thus do not indicate to ^wliat degree this in- 
crease in capillary permeability contributes to the development Gf;peripheral 
vascular collapse induced by the intravenous injection of peptfinel ' 

On the other hand, our present results mth adrenal cortex .extract), c.pnfirming 
our previous results (9), suggest that this substance tends to .decrease capillary 
permeability and prevents the increased capillary permeability >by. ‘substances 
like peptone and leukotaxdne. It is therefore possible that the a'dr'ehal cortical 
extract may have a beneficial action in those cases of shock in which it can be 
demonstrated that increase in capillary permeability plays a significant role. 

This action of adrenal cortical extract is not manifest by the cortical steroids 
tested (other than the slight effect noted by corticosterone on leukotaxine). 
Since the amounts of material able to act in the case of these steroids is unkno^vn 
the difference may be quantitative and not qualitative. Nevertheless our work 
strongly suggests that the adrenal cortical extract contains some principle other 
than the steroids tested which has the specific property of preventing the increase 
in capillary permeability. 

The fact that a cortical steroid does not affect capillary permeability does not 
exclude its possible utility in states of shock since work from this laboratory (12) 
has shown that desoxycorticosterone acetate, having no apparent neutrahzing 
action on capillary permeability (9), nevertheless has a beneficial prophylactic 
action on the shock-like state induced by venous occlusion of a limb in the dog. 

SUMMARY 

1. Peptone induces an increase in permeability of the capillaries of the rabbit 
skin similar to that of leukotaxine. 

2. This capillary damaging factor of peptone, like that of leukotaxine, can be 
neutralized more or less completely by adrenal cortical extract. Corticosterone, 
compound E and anhydrohydroxjqirogesterone, however, do not have this effect! 

3. Certain differences in the reaction of corticosterone to peptone and to 
leukotaxme suggest that the action of peptone is not due to leukotaxine but to a 
leukotaxiTie-like substance. 


We are grateful to Dr. L. N. Katz, under whose guidance this study was made 

for his adme and criticisms, and also to Dr. S. Rodbard for his suggestions i 
preparmg this report. x 
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Addendum: Since the preparation of this paper, our attention has been directed to an 
article by Duthie and Chain (Brit. J. Exp. Path. 20: 417, 1939) in which is reported that 
peptic digests of a number of proteins such as serum, albumin, fibrin and casein all give 
a leukotaxine reaction. 
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Few investigators have reported on the changes which occur in the blood of 
mammals during hibernation. Endres (1) found that the oxygen saturation of 
the arterial blood of hibernating marmots ranged from 93.5 to 96.4 per cent; the 
blood sugar varied from 71.0 to 96.0 mgm. per 100 cc. of blood as compared to 
97.0 to 162.0 mgm..in the active state. The latter figures, he felt, were too high 
since no anesthesia was used and the animals became extremely excited when 
the blood was being obtained for blood sugar determinations. Stormont, Foster 
and Pfeiffer (2) reported an increase of 40.2 volumes per cent in the carbon di- 
oxide content of the arterial blood of hibernating ground squirrels, and a cor- 
responding change in pH from 7 .43 to 7 .10. 

It is well knonm that the flow of blood during hibernation is greatly altered and 
the question naturally aiises as to what changes, if any, occur in the composition 
of the blood. In an attempt to answer this question, the authors have under- 
taken to compare the blood pictures of active and hibernating ground squirrels. 

Methods. The animals used in this study were Citellus iridecemlineatus 
(Mitchill) and were obtained from west-central Kansas and the region around 
Milford, Iowa. They had been kept in the laboratory for at least one year before 
being used for experimental purposes. The active animals were kept under 
standard laboratory conditions throughout the year. Hibernation was induced, 
dining the winter months when it would occur normallj’- in the field, by placing 
the animals in individual metal cages containing ample bedding material and 
then placing the cages in a cold room the temperature of which ranged from 40 
to 42 degrees Fahrenheit. The blood used in the determinations was obtained, 
with few exceptions, by cardiac puncture, while the animals were still in the cold 
room. The active animals were given just enough nembutal to stupefy them 
sufficiently to allow the uathdrawal of blood ndthout struggling and undue ex- 
citement; no anesthesia was necessary in case of the hibernating ones. 

Routine hematological techniques were employed in making the red cell, white 
cell and differential counts. Hemoglobin determinations were made by the acid- 
hematin method using the Hellige-Wedge hemometer. Hammerschlag’s method 
was used to determine the specific gravity. For the determination of the creat- 
inine and glucose contents, the colorimetric methods of Folin and Wu were em- 
ployed. The Folin-Wu method of blood glucose determination was checked 
against the more accurate method of Somogjd, Schaffer and Hartman. . The 
former method, even though it gave higher values (about 20 mgm. per 100 cc of 
blood) , required less blood, and for that reason was finally adopted for the routine 
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work the ground squirrel. In this paper the term “blood picture” is used to 
include the total red and white cell counts, the differential count, the hemoglobin 
content, the specific gravity, and the glucose and creatinine contents. In order 

TABLE 1 


The blood picture of active ground squirrels 


ANIJIAL 


AVEH- 

51BC 

WBC 

DIFFEBENTIAI. (PER CENT) 

SPECIFI 



NO. 


n'EIGHT* 

Neutro. 

Baso. 

Acido. 

LsTn- 

pho. 

Mono. 

GRAW 

, HB 

NINE 

GLUCOSE 

I-l 

F 

grams, 

184.0 


thou, per 
cti. mm. 

4.766 

51.5 

0.0 

1 


8.3 

1.051 

Sm. pel 
100 cc. 

13.4 

mgm. pe 
100 cc. 

1.500 


1-2 


126.5 

4.968 

5.800 

51.6 

0.0 

in 


12.6 

1.052 

13.3 

1.151 


1-3 



7.793 

4.675 

59.7 

0.0 

1.5 

31.3 

7.5 

1.049 

14.0 

i:486 

' SQI 

1-4 


92.5 

6.942 

3.188 

60.0 

0.0 

4.0 

ml 

4.0 

1.051 

14.0 

1.203 


1-5 

F 

95.4 


6.543 

59.0 

0.0 

1.0 


12.0 

1.050 

15.0 

2.300 


II-l 

F 



3.293 

52.3 

0.0 

2.0 

38.4 

7.3 

1.058 

15.6 

1.310 


II-2 

F 



2.716 

55.6 

0.0 

1.3 

34.1 

9.0 

1.058 

14.9 

1.158 


II-3 

M 

w IQ 


2.975 

65.5 

0.0 

1.0 


4.5 

1.062 

15.7 

i.405 

106.9 

II-4 

F 

«|Q 



62.0 

0.0 

2.0 

29.0 

7.0 

1.059 

13.1 

1.230 


II-5 

F 


QIQ 

1.150 

50.0 

0.0 

4.0 


6.0, 

1.061 

13.4 

1.610 

ifiiilH 

II-6 

F 

241.5 


mmjm 

70.0 

0.3 

1.7 

17.5 

10.5 

1.059 

15.0 

1.540 

111.9 

1-6 

F 

265.0 



60.5 

0.0 

3.0 

31.5 

5.0 
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1.431 


III-l 

M 

< jUXjl 
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1.984 

58.0 
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1.4 


10.2 
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13.1 
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III-2 

M 

' fflQ 
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0.2 

1.4 

25.6 
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14.7 1.588 
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M 
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0.0 
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116.7 
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M 
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4.228 
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63.3 

0.0 

2.4 

23.1 

11.2 

1.059 

15.8 

1.432 

97.3 

IV-1 

M 

431.3 

8.346 

1^^ 

55.8 

0.0 

0.4 

33.8 

• 9.0 

1.062 

13.2 

1.345 


IV-2 

M 

371.1 

8.356 

10.848 
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0.0 
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32.6 
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M 
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M 
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0.0 

2.0 
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0.0 

1.8 

wm 
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M 

\ \ ^9 
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0.0 
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F 


7.565 
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0.0 
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37.9 
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F 

\ ! Hi 
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F 
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M 
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7.451 
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0.0 

2.0 
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F 
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0.0 

1.0 
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16.0 
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Average . . . 

284.5 


3.995 

58.1 


1.7 

31.8 

8.5 

■ 

14.4 

m 



* The weight given for each animal is the average of the weights recorded approximately 
a month apart from October 1, 1941 to April 1, 1942. 


to establish a norm, four to nine determination of each of these were made upon 
each of 30 active or normal animals at various times between October and April. 
After sufficient time had elapsed to insure complete recovery from any effects of 
cardiac puncture, 18 of these animals were placed in the cold room for periods of 
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time varying from 8 to 28 days and induced to hibernate, i^ter the periods m- 
dicated, determinations -were again made. Thus it was possible to compare the 
average blood pictures of these 18 hibernating animals to that of 30 active ones 
and, since the blood picture of each hibernating animal was laiovm before hi- 


TABLE 2 


The blood picture of hibernating ground squirrels 
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* Weights taken after being in cold room for periods indicated when determinations 
were made. 


bemation, each animal, as a double check, served as its own control (compare the 
same animal in tables 1 and 2). 

Results. ^ Tables 1 and 2 give aU pertinent data relative to the blood pictures 
of thirty active and eighteen hibernating ground squirrels, respectively. A study 
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of these tables will reveal the following changes in the blood pictures due to 
hibernation : 

1. An average decrease of 37.8 per cent in the number of erythrocytes, and 
25.7 per cent in the hemoglobin content. 

2. An average decrease of 2.3 per cent in the total white cell count with the 
folloiving changes in the differential count: a 34.4 per cent decrease in the number 
of neutrophils, no appreciable change in the percentage of basophils, an increase 
of 47 .0 per cent in the acidophils which is probably not significant because of the 
smaller number of cells encountered, a 21.3 per cent increase in the lymphocytes, 
and an increase of 144.7 per cent in the monocytes. It should be stated at this 
point that in seven of the hibernating animals the total white cell count decreased 
and in eleven it increased. Probably more pronounced changes would occur if 
the animals were made to hibernate for longer periods. 

3. A srnall but consistent decrease in the specific gravity of the blood amount- 
ing to 0.75 per cent. 

4. A decrease of 16.3 per cent in the creatinine content. 

5. A decrease of 14.5 per cent in the glucose content. 

Discussion. It is noted that the glucose content of the blood, as determined 
in this stud}'', was lowered in eveiy hibernating animal but that this decrease was 
in no case comparable to severe insulin hypoglycemia in which case the glucose 
values often range from 35 to 45 mgm. per 100 cc. of blood. For this reason it 
would seem that severe hypoglycemia is not the sole factor involved in inducing 
hibernation. 

It is interesting to note that both the number of eiythrocytes and neutrophils 
were depressed during hibernation, suggesting that there might be an inactivation 
of the red bone marrow. It is also possible, however, that some decrease in the 
number of erytlirocytes was due to the storage of these cells in the spleen since it 
was reported by Evans that during hibernation in the bat the spleen acts as a 
reservoir for them. At the same time there was a pronounced increase in the 
monocytes and lymphocytes which would suggest that there might be an in- 
* creased activity of the lymphoid tissue, or that the blood volume decreased and 
certain white cells remained in the circulating blood in full numbers. An in- 
vestigation of the activities of the red bone marrow, the spleen and the lymphoid 
tissue during hibernation will be undertaken in subsequent studies. 

The slight but consistent decrease in the creatinine values might have been due 
to the reduced metabolism at low temperatures, but nothing definite concerning 
this can be said at present, since the values were still vdthin the normal range of 
one to two milligrams per 100 cc. of blood. It is probable that, for the periods 
indicated, the animals had not yet begun to utilize the proteins of the tissues. 

SUMMARY 

Induced hibernation in the ground squirrel, Citellus Iridecemlineaius (Mitchill), 
for periods of eight to twenty-eight daj'^s, resulted in significant changes in the 
blood picture. These changes are : a decrease in the total red cell count and the 
hemoglobin content; a slight decrease in the total white cell count, a decrease in 
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the number of neutropbils, and an increase in the number of l3Tnpbocytes and 
monocytes; a sbght decrease in the specific gravity; and a decrease in the cre- 
atinine and glucose contents. 
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The results of experiments by a number of investigators (for review see 
Quastel (1)) indicate that the brain uses carbohydrate as its sole source of energy. 
This work has been relatively incomplete in regard to the ability of the brain to 
metabolize the ketone bodies. Goldfarb and Himwich (2) determined the 
arterio-venous differences in acetone body concentration in phlorizinized and 
depancreatized dogs. They found differences of less than 2.4 mgm. in most of 
their experiments. This work has not been confirmed. 

Since these experiments were done there has been considerable improvement 
in the sensitivity of the methods by which the blood ketones can be determined. 
Furthermore, no experiments have been carried out on animals allowed to be- 
come habituated to the ketotic state; this might well be a factor determining the 
ability of the brain to use these substances. In view of this and because no 
experiments have been reported on fasting dogs it was thought that a redeter- 
mination should be undertaken. 

The evidence that carbohydrate is the sole source of brain energj'' has been 
deduced partly from the determination of the respiratorj’’ quotient. In vivo 
experiments of Himwdch and Nahum (3) gave an R.Q. of 1.0, those of Lennox 
(4) an R.Q. of 0.95 and Wortis, Bovman and Goldfarb (5) in a large series report 
an average R.Q. of 0.98. In mtro experiments have given the same results. ^ It 
should be noted however that an R.Q. of approximately unity, while indicating 
no oxidation of fat, would be entirely consistent Avith the oxidation of ketone 
bodies since the theoretical R.Q. of aceto-acetic is 1.0 and of B-hydroxybut 3 Tic 
acid is 0.9. In view of the read}'" oxidation of the ketone bodies by other tissues 
(for literature see Crandall, Ivy and Ehni (6)) evidence obtained from the 
determination of the respiratory quotient cannot be assumed to be final. 

As a result of in vitro experiments on this question Krebs and Johnson (7) 
and McGowan and Peters (8) have found that aceto-acetate produces an increase 
in oxygen uptake bj’- brain tissue; the former authors suggested that ketone bodies 
are an intermediate in carbohydrate as well as in fat metabolism. 

Methods. The ketotic state was produced in dogs by starvation and fat 
feeding. After an initial two or three daj'^s of starvation the dogs were fed 100 
cc. of olive oil daily. The period of starvation and fat feeding lasted from 
two to six weeks. 

Arterial blood was dravm from the femoral arter}’’. Venous blood was drawn 
from the superior longitudinal sinus, through a trephined opening in the skull. 
Eleven dogs wei’e used. Nine of the animals were anesthetized vfith nembutal. 
In two dogs the trephined opening was prepared, under nembutal, 24 hours before 
the experiment, and the blood samples were dravm using local anesthesia (novo- 
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caine) only. These animals are listed as imanesthetized. In three experiments 
the blood was oxalated, in two animals calcamine fast pink was injected intra- 
venously to prevent coagulation and in six of the animals heparin was used. 

The blood was drawn directly into tonometers, displacing mercury, vdthout 
contact with air. Arterial and venous samples were draivn at the same time and 
as nearly as was possible at the same rate. Blood for acetone body and glucose 
deternunations was removed from the tonometer and the proteins precipitated 
immediately. The blood remaining in the tonometer, used for gas analysis, w^as 
kept in ice water. Ketone bodies were determined by the method of Crandall 
(9), glucose by the method of Schaffer and Somogyi (10), using the copper re- 

TABLE 1 


Cerebral mctabolisjn in fat fed dogs 


EXP. NO. 

ANESTH. 

OSED 

ANTICOAG. 

WEEKS 
FAT FED 

KETONE BOOTES 

AS B-HVDROXy 
(MGlf./lOO ML.) 

A-V O 2 
DtFF. 

K.Q. 

GLUCOSE 
(UGil./lOO Ml.) 

Art. 

A-V diff. 

Art. 

A-V diff. 







vol. per cent 




1 

Nemb. 

K. 0.\. 

2 

6.4 

-0.5 









6.1 

-0.5 





2 

Nemb. 

K. 0.\. 

21 

13.8 

±0.1 



120 

-2 





11.4 

-0.1 



121 

-2 

3 

Nemb. 

K. Ox. 

3 

37.8 

±0.7 



51 

-6 





30.3 

±0.3 



61 

-8 

4 

Nemb. 

C.F.P. 

31 

35.8 

±0.6 

7.53 

1.01 

64 

-7 

5 

Nemb. 

C.F.P. 

3 

64.5 

0 

7.58 

1.07 

60 

-15 

6 

Nemb. 

Hep. 

4 

4.8 

-0.7 

5.9 

0.96 



7 

Nemb. 

Hep. 

4 

4.5 

±0.1 

9.02 

0.97 

79 

-16 

8 

Nemb. 

Hep. 

5 

4.6 

±0.2 

13.42 

0.95 



9 

Nemb. 

Hep. 

6 

64.3 

-0.4 

5.6 

1.19 



10 

None 

Hep. 

5 

21.9 

±0.4 

11.25 

0.96 

62 

-16 

11 

None 

Hep. 

2 

13.9 

±0.6 

8.1 

0.97 



Mean 

±0.057 

8.55 

1.01 


-9.0 

Standard error of mean 

±0.12 


±0.029 




agent for minimal sugar values. O 2 and CO 2 were determined by the method 
of Van Slyke and Neil (11). 

Results. Table 1 lists the experimental data. No arterio-venous difference 
greater than 0.7 mgm. per 100 ml. was found in the concentration of the acetone 
bodies. As the method has an accuracy of ±5 per cent all differences are nothin 
the range of the error of the expeiimental method. The mean arterio-venous 
difference was ±0.057. The standard error of the mean was ±0.12. The level 
of ketosis varied widely giving an opportunity to test ketone body utilization at 
various concentrations. The level of ketosis usuaUy bore some relation to the 
duration of fat feeding. 

The arterio-venous oxygen differences show variations from 6 vol. per cent to 
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13 vol. per cent, the variation probably depending at least in part upon the rate 
of blood flow through the brain. The respiratory quotients fell between 0.95 and 
1.19. The mean is 1.01 with a standard error of ±0.029. If the exceptional 
value 1.19 found- in experiment 9 is omitted the mean becomes 0.98 with a 
standard error of ±0.016. 

Discussion. Our results show definitely that there is no significant utiliza- 
tion, or production, of acetone bodies bj’’ brain under the conditions of our 
experiments. The results of Goldfarb and Himvdch (2) are extended by our 
experiments to include animals which are well habituated to the ketotic state. 
It appears unlikely that there are an3’- conditions in which the brain removes or 
adds acetone bodies. In a recent paper, Crandall, Ivy and Ehni (6) have sug- 
gested that ketosis may be regarded as a manifestation of a special t3’-pe of 
metabolism occurring in the glucoprivic state, since acetone bodies are added 
to the blood by the liver onl3’' when the supply of glucose is inadequate and since 
the acetone bodies can replace glucose in some phases of metabolism. It is 
evident that acetone body production by the liver, which supplies a fuel which 
can be substituted for glucose b3’’ muscle tissue, does not serve the same purpose 
for the tissue of the central nervous S3’'stem. In fact, the substitution of acetone 
bodies for glucose in muscle metabolism apparently serves to conserve glucose 
for the needs of the brain, which appears to be complete^’- dependent upon this 
fuel. 

Krebs and Johnson (7), as a result of in vitro experiments, have postulated that 
the ketone bodies are intermediates not only in fat metabolism but also in that 
of carboh3’-drate. They report an increase in oxygen uptake of sliced pigeon 
brain coi'tex in the presence of aceto-acetate. Our experiments clearb’' show 
that the brain in vivo does not use ketone bodies from the blood. Since these 
substances are readily diffusible it seems improbable that the brain itself 
produces acetone bodies and burns them as rapidly as they are produced. The 
fact that the respiratory quotient of the brain is unity indicates that they are not 
formed from fat for oxidation in situ. The respirator3'’ quotients also indicate 
that there can be little or no direct buiming of fat even after prolonged fat 
feeding. 

The figures on the glucose used by the brain give a mean arterio-venous dif- 
ference of 9 mgm. per 100 ml. This is practically identical -with a value of 9.7 
mgm. which we have obtained (unpublished data) in dogs in the postabsorptive 
state. Himwich and Nahum (3) have reported that the brains of depancreatized 
and phlorizinized dogs use glucose. Various observers have found mean arterio- 
venous differences of 9 mgm. (4), 11.2 (12), 13.5 mgm. (13), 12.5 mgm. (14) and 
9 mgm. (5) of glucose in normal dogs and men. It is evident that the values 
which we have found vary little from noimal values, indicating that the utilization 
of glucose 63’- the brain is not markedly altered by the period of fat feeding. 

The arterio-venous oxygen differences are -also approximately the same as 
those reported by others. Various observers have found mean oxygen differ- 
ences of 6.2 (4), 10.12 (3), 6.4 (13), 7.04 (14) and 6.9 (5) vol. per cent in dog and 
man. These results are reasonabb’’ in accord vdth the mean value of 8.55 vol. 
per cent found b}"- us. 
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In our experiments as well as in the others cited above, the relation between 
the glucose difference and the O 2 difference is not exact. If we compare the 
four experiments in which blood sugar and oxygen differences were determined 
on the same samples we obtain a mean glucose utilization of 13.5 mgm. per 100 
ml. which would require 10 vol. per cent of O 2 . The actual mean O 2 difference 
in these experiments is 8.84 vol. per cent. If there is a lag between glucose re- 
moval and the oxidation of that glucose, variations in the rate of glucose removal 
or of blood flow could account for the lack of agreement. 

SUMALARY 

The brain of the dog which has been fed fat for a sufficient time not only to 
develop ketosis but to become habituated to the ketotic state does not burn 
acetone bodies. 

The brain of the fat fed dog has an R.Q. of approximate!}’' 1.0. 

The amounts of oxygen and glucose removed by brain during the ketotic state 
are not significantly different,' in terms of milligrams per 100 ml. of blood, from 
those removed by the brain tissue of normally fed animals. 
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It has long been believed that the potential of injured heart muscle is con- 
stant and is maintained during systole at the resting negative level of potential. 
Therefore, it has traditionally been accepted that the monophasic character of 
the potential changes recorded electrographically vdth direct bipolar leads, one 
of which is placed upon the area of injuiy, is due entirel}’’ or predominantly to 
potential changes at the electrode over the uninjured area. 

These views have been contested by Wilson and his associates (1) who showed 
by means of unipolar lead electrograms that during ventricular systole the 
potential of injured cardiac muscle does not remain constant at the resting value, 
and they presented evidence that the monophasic curve of action potential 
recorded from an injured area of heart muscle is, in fact, derived from important 
potential changes occurring at the area of injury whose participation had hitherto 
been considered negligible or absent. These observations were subsequently 
confirmed by Eyster and his collaborators (2), who also demonstrated that 
during activity the injured region actuall}’’ changed from a negative to a positive 
potential -with reference to the potential of uninjured resting ventricular muscle. 

That these reports did not indisputablj’’ reverse the traditional concepts was 
apparent, however, from a publication by Jochim, Katz and ]\Ia 5 me (3). Their 
observations, based on transient cardiac injuiy produced b}'' pressure, were 
interpreted as supporting the earlier ^dew that the monophasic response obtained 
by leading off from injured and uninjured spots represents chiefl 3 '’ potential 
changes in the latter. However, in a report of later experiments from Katz’ 
laboratory (4) the findings were considered to be in agreement wth those of 
Wilson and of Ej’-ster, but Katz and Jochim (5) adhered to the interpretation 
that ^'the potential changes are caused bj"" alterations in the potential of the 
'indifferent’ electrode due to the changes in the state of polarization of the 
uninjured sjmcjriial cell of the heart.” 

Because a solution of this question has an important bearing both on the 
theoretical concept of the genesis of electrical currents established by injury to 
the heart, and in electrocardiograpliic interpretation of acute heart muscle 
injuries (coronary thrombosis) in man, more work in this direction seemed 
desirable. 

AVe have attacked the problem from a unique approach; namely, by compar- 
ing electrographic records of potential changes in injured hearts vdth direct 
measurements of potential differences through the use of a microvoltmeter. 

Electrographic observations. Potential time curves (electrograms) were 

1 Dazian Foundation Fellow. 
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recorded directly from the exposed heart in experiments on nine frogs. The 
tracings were obtained through nonpolarizable silver-silver chloride electrodes 
connected vnth a standard string galvanometer electrocardiograph (Cambndge 
Instrument Co.); a measurable resistance was introduced into the circuit mth 
the aid of a potentiometer when required to keep the size of the resultant 
electrograms within the dimensions of the film of the recording camera. Both 
unipolar and bipolar electrograms were obtained; in the former the lead con- 
tacts were at the cardiac apex (the site of subsequently induced injui y) and at a 
distant point which was usually an exposed thigh muscle, and in the lattei 
they were at the cardiac apex and base. The lead connections were so made 
that in the bipolar lead electrogram an upward deflection on the finished record 
represented a negative electrical response at the apex, w’hile in the unipolar 
lead record an upward deflection represented a negative electrical response at 



Fig. 1. Electrograms with unipolar lead (expt. 14 in table 1). A, control electrogram; 
B, zero potential baseline; C, electrogram after crushing injury under apical electrode. 
Asterisk indicates standardization of 3 mv. 

Fig. 2. Electrograms with bipolar lead (e.vpt. 15 in table 1). A, control electrogram; 
B, zero potential baseline; C, electrogram after cutting injury under apical electrode! 
Asterisk indicates standardization with 3 mv. 


the exploring electrode. The potential of the uninjured resting ventricular 
muscle was taken as the reference level of potential. 

Bipolar lead experiments. Figure 1 illustrates a typical result obtained con- 
sistently in seven experiments. It shows the essentially normal electrogram 
obtained before injury and the typical monophasic response recorded after pro 
duction of a crushing injury at the cardiac apex. The upward displacement 
of the galvanometer string after injury reveals a resting injury potential of 
- 16 mv. as compared ndth the resting potential in the uninjured state. The 
deviation corresponding ivith the ventricular activity reveals 

obliteiated but that m addition a positive potential of -f-15 mv is develoned 
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the exploring electrode was placed in contact with the injured region the ven- 
tricular complex was monophasic in outline and was fundamentally similar to 
the electrograms obtained with bipolar leads. The change of potential in the 
positive direction was of sufficient magnitude to obliterate the negative injury 
resting potential and also to cause an additional positive deflection uath respect 
to the reference potential. 

The electrographic results of all nine experiments are summarized in table 1. 
jS'IicrovoltjMETer observations. The availability of a vacuum tube micro- 
voltmeter, recently devised by Burr, Lane and Nims (10), offered the oppor- 
tunit^" of measuring direct current potentials in injured hearts; and information 
derived in this way was considered interesting as a means of verifying our elec- 
trographic observations of injury action potentials. 

TABLE 1 


Injury resting and injury action potentials in frog hearts 


FROG NO. 

STANDARDIZATION 

1. R. P.t 
MV. 

I. A. P.t 
MV. 

LE 

Bipolar 

ADS 

Unipolai 

NATURE OF 
INJURV 

10* 

S mm = 1 mv. 


-2(?) 

4-0.4(?) 

+ 


Crushing 

11 

9 mm = 1 mv. 

K = 20 

-8 

+7 

+ 


Cutting 

12 

5 mm = 1 mv. 

K = 20 

-5 

+8 

+ 


Cutting 

13 

10 mm = 1 mv. 

K = 20 

-24 

+24 

+ 


Cutting 

14 

9 mm = 3 mv. 

K = 20 

-16 

+15 

+ 


Crushing 

15 

9 mm = 3 mv. 

K = 20 

-16 

+15 


+ 

Cutting 

16 

1 cm = 3 mv. 

K = ? 

-2 

+6 

+ 


Cutting 

17 

1 cm = 3 mv. 

K = 20 

-13 

+10 

+ 


Cutting 

18 

1 cm = 1 mv. 

K = 100 

-4 

+4 


+ 

Crushing 

Average 

-10.0 

+9.9 





* This single experiment was carried out with a Sanborn “Cardiette” electrocardiograph, 


and the standardization was not precisely controlled. 

t I. R. P. refers to injury resting potential. I. A. P. refers to injury action potential. 

The device employed is essentially a high sensitivit}'^ but relatively stable 
electrometer which, because of a high input impedance, draws virtually no cur- 
rent from the specimen under test. The designers state that the instrument 
is mdely independent of resistance of the specimen, and that measurement of 
potential differences as small as 10 microvolts is made possible. Non-polarizable 
silver-silver chloride electrodes were used; each electrode was enclosed in a 
glass tube filled with 0.77 per cent saline solution and terminating in an opening 
of 1 to 2 mm. diameter that was plugged udth a wick through which gentle 
contact with the heart was made. 

The applicability of the microvoltmeter for observations of this nature was 
verified in experiments on exposed skeletal muscle in eleven frogs and two dogs. 
Direct current potentials were measured with a proximal electrode on the belly 
and a distal electrode near the tendinous insertion of the muscle. These meas- 
urements were repeated after a crosswise incision partwa}^ through the muscle 
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at the site of the proximal electrode. The results obtained appear in table 2; 
they show that a D.C. potential difference due to injury was readily detected 
by the instrument employed, and the values obtained were approximately of 
the expected order of magnitude (11). 

Having estabhshed the fundamental validity of the microvoltmeter for the 
measurement of D.C. injury potentials in skeletal muscle, observations were 
undertaken on the exposed heart. Direct leads were obtained -with one elec- 
trode in contact with the cardiac apex rvhich was subsequently made the site of 
injury by cutting or crushing the tissue; the second electrode was placed either 
on the base of the heart (bipolar lead) or on an exposed but uninjured tliigh 
muscle (unipolar lead). Unipolar lead records mth the exploring electrode in 


TABLE 2 


D.C. potentials in'skeletal muscle injured by cutting 


ANIMAL 

UNINJURED MUSCLE 
POTENTIAL 

INJURED MUSCLE 
POTENTIAL 

TOTAL DIFEERENCE 


mv. 

mv. 

mv. 

Frog 

4-2 

-12 

-14 

Frog 

4-1 

-12 

-13 


-2.5 

-5.5 

-3 


4-2.5 

-9 

-11 


0 

-5 

-5 


-3 

-16 

-13 


4-4 

-13 

-17 


4-1 

-14 

-15 


O 

1 

-24 

-14 


-1 

-10 

-9 


-1 

-12 

-11 

Average 

-0.64 

-12.0 

-11.4 

Dog 

-1.5 

-40.5 

-39 

Dog 

-1.5 

-45.0 

-43.5 


contact with the uninjured base of the heart and the indifferent electrode on the 
thigh muscle were also obtained for control. 

Prehminary experiments on the exposed and beating hearts of the dog and 
cat levealed that the physical characteristics of the galvanometer in the micro- 
voltmeter rendeied it unsuitable for following the potential variations in such 
rapidly beating hearts. Our observations were therefore derived chiefly from 
the slowly beating exposed hearts of frogs. 

In all such experiments on eleven frog hearts the foUoving were consistently 

1. With both bipolar and unipolar leads from the surface of the uninjured 
and beatmg heart, the microvoltmeter showed either no deflections at all in 
systole, or at most a deflection of one milhvolt mth contraction. Since the 
validity of the techmc had been estabhshed in the skeletal muscle experiments 
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it appeared that the voltmeter galvanometer had too long a period adequately 
to record the changes of potential of the order of magnitude and duration 
encountered in the uninjured heart during S 3 '^stole. 

2. Similar negligible changes in potential were observed after crashing or 
cutting the cardiac apex, provided the electrode was not vdthin the area of 
injury. Apparentlj'- the presence of a fresh injuiy did not modify the potentials 
obtained from distant uninjured tissue. 

3. When, on the other hand, the exploring electrode was actually touched 
to the injured site, a steady negative potential of several millivolts was recorded. 
This was to be anticipated from established knowledge that a fresh injury sets 
up a negative potential between injured and uninjured muscle. 

Moreover, coincident irith contraction of the heart this negative potential 
momentarily disappeared or declined from one to several millivolts. This might 



Pig. 3. D.C. potentials recorded from apex of frog heart before and after a cutting 
injury at this site, and before and after the induction of A-V block. Throughout the 
experiment the potential from an uninjured portion of the ventricle varied from 
—1 to —3 mv. 

be correlated Mth the earlier electrographic observation of the development of 
a positive potential at the injured site in systole. That only a relatively and 
not an absolutely positive potential was thus observed during the moment 
of systole might be explained by the unduly long period of the measuring device. 

4. When the beating of the ventricle was arrested by auricular-ventricular 
compression, a still larger and sustained negative potential was recorded with 
one electrode on the injured area. The average potential difference so recorded 
was 11.4 mv., vdth a range of from 3 mv. to 17 mv., in eleven experiments. The 
observed larger mjur 3 ’' potential in the arrested heart as compared with the 
beating heart suggests that in the voltmeter observations the beating heaid; 
gives an incomplete picture of the disturbed electrical phenomena represented 
by the monophasic electrographic curve. Similar effects were noted in the 
arrested and injured heart which was mechanically stimulated to contract. 

A graphic representation of an actual experiment showing the above phe- 
nomena is to be seen in figure 3. 
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Comment. The view that in the unipolar lead electrogram the location of 
the distal electrode is relatively unimportant for the character of the curve 
(6, 7, 8, 9) appears to apply also to the monophasic injury current (1, 2, and our 
results) and therefore supports the conclusion that the electrographic curve 
represents chiefly the potential changes at the electrode in contact mth the 
injured region. 

The actual reversal of potential from negative to positive during systole, as 
we obtained vdth bipolar and with unipolar leads (figs. 1 and 2), confirms the 
recent observations of Eyster (2), Ashman (17), and Katz (4), and together 
these findings argue strongly against the idew that the electrical response in 
systole is attributable solely or primarily to potential changes in the uninjured 
region distant from the boundaiy of injuiy. 

The microvoltmeter observations were entirely consistent uith the electro- 
graphic findings. As was to be expected from the physical characteristics of 
the apparatus, the microvoltmeter proved unsuitable for following the relatively 
rapid changes of potential occurring in the normal heart muscle during systole. 
However, the electrical disturbance represented by the monophasic electrogram 
is of longer duration, and this was successfully followed by the microvoltmeter 
in direction but not accurately in magnitude or time values. Since our results 
were obtained when the “exploring” electrode was in contact with the injury, 
but not when it was in contact with uninjured tissue, it appears that the injured 
region exhibits important changes of potential represented by a monophasic 
electrogram, and that the monophasic record so obtained results largely, if not 
entirely, from changes occurring at the injured site. (This conclusion has no 
beaiing on the question of whether the beginning, the duration, and the steep- 
ness of the initial ascent of the monophasic curve in bipolar leads are caused 
chiefly by changes of potential occurring at the electrode in contact vdth the 
injured or uninjured tissue.) 

Such changes in potential occuning within the injured area do not necessarily 
indicate that the injured heart muscle cells are active. The deflection of the 
galvanometer could result from activity of the immediatelj'- adjacent tissue 
with suitable displacement of electrical charges thereby determined. This 
opinion appears to be in haimony with observations from Eyster’s laboratoiy 
(12, 18). Moreover, monophasic curves have been obtained also from unin- 
jured tissue (13, 14, 15, 16) when an area of normal tissue fails to respond to a 
stunulus which causes activity in other regions of the same myocardial unit. 
In the latter experiments the non-responding tissue does not manifest a negative 
injuiy potential at rest and the entire monophasic cuiwe is positive. 

A polarized double-ring of electrical charge limiting the injured tissue, as 
conceived by Eyster and his associates (2), gives a representation of the dis- 
tnbution of the electrical charges both at rest and during activity on the assump- 
tion that the electrical changes responsible for the monophasic injury curve 
occur in the muscle surrounding the injured area. 

It remains to be seen whether the injury causes simply a partial (4, 16) or a 
complete depolarization of the injured surface, or also more profound electrical 
changes. A partial depolarization may explain the reversal of potential from 
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negative to positive during activity, but not the shifting to a positive value 
with reference to the uninjured resting tissue. For this to occur the action 
potential of the surface of the nonnal tissue should become negative vnth 
respect to the potential prevailing inside the resting cells. In fact, Curtis and 
Cole (19) have recently found that during the passage of an impulse the outside 
of the membrane of the squid giant axon acquires a negative potential vdth 
reference to the inside. Should these observations prove valid also for other 
excitable tissue, they might give a satisfactoiy explanation for the origin of the 
potential changes in injured heart muscle. 

CONCLUSIONS 

Evidence obtained both electrographicalty and by means of a suitable micro- 
voltmeter indicates that the surface of an area of injury in the beating heart is 
the site of important changes in electrical actimty during systole, and that the 
monophasic electrogram obtained from the injured heart results ’predominantly 
from potential changes at the electrode over the injured area. Our observations 
therefore stand in opposition to the traditional mew in this regard, and they 
confirm the stand recently taken by several others (1, 2). 

We ivish to thank Dr. H. S. Burr and his associates in the Department of 
Anatomy for making available to us the microvoltmeter employed in this studjL 
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The relative volume of cells and plasma in the blood is usually determined by 
centrifugalization of a known volume of blood and by reading the volume of each 
component directly from a graduated hematocrit tube (1). The vahdity of this 
method rests upon the assumption that centrifugahzation effects complete sepa- 
ration of cells from plasma, and that the shape of the cells is altered to the extent 
that they pack completely, i.e., with elimination of all intercellular space and 
exclusion of all plasma from among the cells (2). MiUar (3) and Keimedy and 
Millikan (4), however, demonstrated that cells and plasma are not completely 
separated by the centrifugal force usually employed, but are separated completelj’- 
only by a centrifugal force of a magnitude sufficient to produce cellular disinte- 
gration. Employing various techniques many investigators have demonstrated 
that the true cell volume is always less than the cell volume indicated by the 
centrifuge hematocrit method. The magnitude of this difference as reported 
has varied between 2 and 12 per cent. 

We have found that the true cell volume may be determined accurately by a 
colorimetric method emplojdng the dye T-1824 (Evans Blue). This method is 
simple, practical, and gives consistent results which we have verified by methods 
emplojdng erythrocytes tagged -with radioactive iron, and by determinations of 
plasma protein concentrations before and after dilution of blood with isotonic 
salt solution. These methods have shown the true hematocrit to be consistently 
8.5 per cent less than the value indicated by the centrifuge hematocrit method. 

Methods. All blood used for these expeiiments (vith the exception of the 
radioactively “tagged” cells) was drawn by venipuncture from normal human 
adults, care being exercised to avoid hemolysis. The dry oxalate mixture of 
Heller and Paul (5), which does not alter the er 5 dhrocyte volume (6), was used 
as an anticoagulant, 2 mgm. per ml. of blood being used uniformly. 

The radioactive iron (Fe®®) was prepared by deuteron bombardment of iron 
phosphide in the Harvard cj'-clotron.^ The separation and the technique of 
quantitative estimation of the radioactive iron have been described elsewhere 
(7, 8). The radioactively “tagged” iron was fed to a patient with hypochromic 
anemia, and after incorporation of the radioactive iron in newly formed hemo- 
globin and cells (9), venipuncture was performed and the blood collected in 2^ 
per cent sodium citrate solution. ^ 


^ e are indebted to Dr. B. R. Curtis and other members of 
for preparation of the radioactive iron. 


the Harvard cyclotron crew 
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The dye T-1824 (Evans Blue) (Eastman Kodak Co., lot no. 3873), in accu- 
rately weighed amount was dissolved in 0.85 per cent aqueous sodium chloride 
solution (isotonic salt solution) to give a concentration of 1.5000 mgm. per ml. of 
solution. Preparation and standardization of this solution was carried out as 
described by Gibson and Evans (10) using 8 different dilutions for accurate de- 
tennination of the dye constant (K). The stock dye solution was diluted with 
isotonic salt solution to give a final concentration of 0.0600 mgm. per ml., a con- 
centration suitable for use in the following experiments. 

Colorimetric determinations of d 3 ^e concentrations in plasma were performed 
on the Evelyn photoelectric colorimeter using the 620 and 540 filters as described 
by Gibson and Evelyn (11). 

A size 2 International Equipment Co. centrifuge mth a no. 240 head having 
an effective radius of 18 cm. was used. A relative centrifugal force (R.C.P.) of 
1800 was obtained by centrifugalizing all hematocrits at 3000 r.p.m. (rate con- 
trolled vnth an attached tachometer) for 1 hour. Wintrobe tubes (1) were used, 
and duplicate or triplicate deteiTninations were made on each blood sample. The 
readings in each instance checked mthin 4= 0.2-0.3 per cent of the whole blood. 
All hematocrit readings cited include both the red cell column and the buffy coat, 
to allow direct comparison with the colorimetric and other methods of cell volume 
detennination. This was deemed preferable to the practice of adding a constant 
value of 0.5 vol. per cent to the eiythrocyte volume percentage (12), since the 
depth of the buffy coat varied considerably in different samples of blood. 

Plasma protein detenninations were perfonned according to the method of 
Kagan (13), calculations being based on an average of 4 detenninations. 

All volumetric glassware was recalibrated and chemically clean. 

Procedure and experimental results. The volume of cells was deter- 
mined by 5 methods : 1 . Bj’’ deteimining the dilution of a laiovni amount of dye 
added to a Itnown amount of blood. 2. Bj'^ determining the concentration of 
dye in the plasma of a blood-dye mixture, and then, by repeated washings of 
the cells Avith isotonic salt solution, removing all dye from the interstices of the 
cell mass, and colorimetrically deteimining the total dj'^e present in the plasma 
and washings. 3. By deteimining the dilution of radioactively “tagged” eryth- 
rocytes added to a sample of blood. 4. By deteimining the dilution of plasma 
protein produced by mixing known volumes of blood and isotonic salt solution. 
5. By centrifugalizing blood at an R.C.F. of 1800. 

A. The true cell volume as indicated hy the dilution of a known amount of dye 
added to a blood sample. The blue dye T-1824 is suited for use in determining the 
plasma volume since, when added to blood, it is distributed through the plasma 
but does not enter the cells (14). Quantitative recovery of the dye has consist- 
entlj'^ been obtained by washing the cells. Other notable properties of the dye, 
which perhaps contribute indirectly to this behavior, are that it rapidly com- 
bines with (or becomes firmly attached to) the globulin fraction of the plasma 
proteins, is separated from them only by rigorous procedures, and is not dialyz- 
able through a collodion membrane (15). Thus, by deteimining the dilution of a 
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known amount of dye in a loiown volume of blood, the plasma volume and subse- 
quently the cell volume can readily be determined by applying the equations : 
Equation 1: Volume of plasma (ml.) = 

Mgm. dye a dded to the blood sample 

Concentration of dye in the plasma (mgm./ml.) 

Equation 2: Volume of cells = volume of blood in sample -volume of plasma 
The procedure and results of a tjqiical experiment are given below: 

Ten milliliters of oxalated whole blood were transferred to a centrifuge tube containing 
1.00 ml. of dye solution (0.0600 mgm. of dye) and the two were thoroughly mixed by repeated 


TABLE 1 


SAMPLE 

VOLTTME OF 

blood in 

SAMPLE 

VOLUME OF 
BLOOD AND 
ADDED DYE 
SOLUTION 

CONCEN- 
TRATION 
DYE IN 
DILUTED 
PLASMA 

VOLUME OP 
PLASMA AND 
VOLUME OF 
SALINE 

CELL VOLUME 

PER CENT 

TRUE CELL VOLUME LESS 
THAN CENTRIFUGE 
HEMATOCRIT 

Deter- 

mined 

colorimet- 

rically 

Deter- 
mined by 
centrifu- 
galization 

Volume 
per cent 

Per cent 


ml. 

ml. 

mgm. /ml. 

ml. 

1 



1 

A 1 

10.00 

11.00 

0.00913 

6.57 

1 44.3 

48.4 



2 

10.00 

11.00 

0.00916 1 

6.55 

44.5 

48.5 



3 

10.00 1 

11.00 

0.00912 

6.58 

44.2 

48.3 

1 







44.3 

48.4 

4.1 

8.5 

B 1 

10.00 

11.00 

0.00886 

6.77 

42.3 

46.3 

1 


2 

10.00 

11.00 

0.00888 

6.76 

42.4 

46.5 



3 

10.00 

11.00 

0.00881 

6.73 

42.7 

46.6 








42.5 

46.5 

4.0 

8.6 

C 1 

10.00 

11.00 

0.00825 

7.27 

37.3 

40.5 



2 

10.00 

11.00 

0.00826 

7.26 

37.4 

40.8 



3 

10.00 

11.00 

0.00822 

7.30 

37.0 

40.4 








37.2 

40.6 

3.4 

8.4 


Comparison of the cell volume as determined by centrifugalization and by dye dilution. 


inversions of the tube, care being exercised to avoid hemolysis. After a short period of 
centrifugalization the dyed plasma was removed and the dye concentration determined 
colorimetrically by comparison with dye-free plasma obtained from a mixture of 5.00 ml. 
of the same oxalated blood and 0.50 ml. isotonic salt solution (which was added to compen- 
sate for the saline in the dye solution) . Having determined the plasma dye concentration, 
and knowing the total amount of dye added to the blood, the volumes of plasma and cells 
present in the blood sample were calculated by application of equations 1 and 2. 

^ The consistent results obtained with the colorimetric procedure and the constant rela- 
tionship which these results bear to the centrifuge hematocrit determinations are illustrated 
in table 1, in which separate determinations on three aliquots of three separate blood 
samples are tabulated. The values obtained by the dye method agree within the limits of 
accuracy of the galvanometer readings of the colorimeter (1 per cent), and in each instance 
are approximately 8.5 per cent lower than the centrifuge hematocrit.* 

= Volume per cent difference should not be confused with per cent difference. 
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B. The cell volume as indicated by the concentration of dye in the plasma of a 
blood-dye mixture and the recovery of dye from the sample. Tliis method differs 
from the first only in the method of determining the total amount of dye which is 
present in the sample, but substantiates the observations of Gregersen and S him 
(14) that all dye can be recovered from the cells by repeated washings, and indi- 
cates that significant amounts of dye do not pass into either erythrocytes or 
leucocytes. It is applicable to samples of blood in which the exact dye content 
is not known (e.g., samples withdraum from patients during plasma volume de- 
tenninations with the dye method). A typical experiment and the results 
obtained are desciibed : 

Oxalated blood (10.00 ml.) was thoroughly mixed uith 1.00 ml. of dye solution 
(0.0600 mgm. of dye) and after centrifugalization the plasma was pipetted off and 
placed in an accurately graduated container. The plasma dye concentration was 
determined as in procedure A, and all plasma was saved (this is feasible when the 
micro-unit of the colorimeter is used). Isotonic salt solution (3.00 ml.) was then 
mixed udth the cells and after centrifugalization the supernatant fluid was re- 
moved and added to the original plasma. Three such washings were carried out, 
the wash fluids being saved vdth the plasma. The final washing was free from 
visible evidence of dye content. 

The total volume of combined washings and plasma was then read from the 
graduated container, and the concentration of dye deteimined colorimetrically by 
comparison with dye-free plasma proportionately diluted vdth isotonic salt 
solution. The total dye originallj’’ present in the blood sample was then calcu- 
lated, and equations 1 and 2 applied to determine the plasma and cell volume. ^ 

The accuracy wth which the cell volume may be determined bj’’ tliis method is 
shovm in table 2, and the results are compared with those obtained by the method 
outlined in procedure A and vdth those obtained by centrifugalization. 

Gregersen and Shiro (14) demonstrated that when blood samples containing 
either the dye T-1824 or Brilliant Vital Red were centrifugalized, an average of 

4.2 per cent (ranging from 2.3 to 7.0 per cent) of dye (and plasma) remained in 
the cell mass. This is not to be interpreted as indicating that the true cell volume 
is 4.2 per cent lower than the centrifuge hematocrit, as has been done by Stead 
and Ebert (16) and Shohl and Hunter (12). As shoAvn in table 3 the per cent of 
plasma retained in the cell mass does not represent the percentage difference be- 
tween the actual hematocrit and the centrifuge hematocrit. Thus the inclusion 
of 5.7 per cent of the plasma in the cell mass produces an error of approximately 

8.3 per cent in the centrifuge hematocrit. 

C. Determination of the true cell volume by dilution of radioactively “tagged^ 
erythrocytes and dye. The radioactive isotope of iron (Fe®®) when fed to anemic 
individuals is incorporated in newly formed hemoglobin ■within the erythrocytes 
(9), where it remains until the disintegration of the cell (17). Appropriate tech- 
niques allow the quantitative detection of this material, and bj’’ adding erythro- 
cydes containing a known amount of radioacti'vdty to a sample of blood, the exact 
blood volume can be determined from calculations of the dilution of the radio- 
acthdty. Subsequent calculations, based on dye dilution, ■will indicate the 
plasma volume and the cell volume. 
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Citrated blood (49.98 ml.) containing eiythrocytes “tagged” vdth radioactive 
iron was pipetted into a 250.00 ml. volumetric flask. The total rachoactivity^ of 
this blood (as indicated by measurements performed on other aliquots of the 
same blood) amounted to 681.5 counts per minute. Dye solution (1.00 ml.) 
containing 1.5000 mgm. of T-1824 was added and the volume made to 250.00 ml. 
with normal compatible blood. Complete mixing was effected vdthout hemoly- 
sis, and 5 aliquots (20.00 ml. each) were removed and their content of radioac- 


TABLE 2 


SAMPLE 

CELL VOmitE PES CENT DETERMINED BY 

Centrifugalization 

Dye dilution 

Dye recovery 

1 

43.6 

39.8 

39.8 

2 

47.7 

43.7 

43.8 

3 

42.6 

38.7 

39.2 

4 

49.6 

45.4 

45.5 

5 

40.9 

36.4 ' 

36.2 

6 

44.0 

40.8 

40.8 


Cell volume per cent determined by centrifugalization, dye dilution and dye recovery. 


TABLE 3 



VOLUME 

OF 

DYE 

SOLU- 

TION 

ADDED 

DILUTED 

PLASMA 

ABOVE 

CELLS 

CONCEN- 
TRATION 
DYE IN 

DYE IN PLASMA 

TRUE 

PLASMA 

CELL VOLUME 
PER CENT DE- 
TERMINED BY 

TRUE CELL VOLUME 
LESS THAN CENTRI- 
FUGE HEMATOCRIT 


SAMPLE 

DILUTED 

PLASMA 

Above cells 

Among 

cells 

vuLUaiE 

Centri- 

fuge 

Dye 

Volume 
per cent 

Per cent 


vtU 

ml* 

ml. 


mgm. 

per 

cent 

per 

cent 

per 

cent 





1 


1.0 

6.10 



94.0 

6.0 

54.9 

49.0 

45.1 

3.9 

8.1' 

2 


1.0 

6.64 

0.00857 

0.0569 

94.8 

5.2 

60.0 

43.6 

40.0 

3.6 

8.3 

3 


1.0 

6.23 



94.0 

6.0 

56.3 

47.7 

43.7 

4.0 

8.4 

4 


1.0 

6.74 


0.0569 

94.8 

5.2 

61.0 

42.6 

39.0 

3.6 

8.5 

5 

IQQ 

1.0 




93.8 

6.2 

54.4 

49.6 

45.6 

4.0 

8.1 

Averatre . 

5.7 





8.3 

, 












* 0.0600 mgm. dye T-1S24 per ml. 

The amount of dye and plasma remaining in the cell mass and comparison of the cell 
volume determined by dye dilution and centrifugalization. 


tively “tagged” cells determined. The I’adioactivity was found to be 2.7 counts 
per minute per ml. of blood-dye mixture, indicating the total blood volume to be 
252.4 ml. (an error of 0.9 per cent). 

The plasma volume, determined as in the preceding experiments, was found to 
be 167 .5 ml. The cell volume was, therefore, 84.9 ml. or 33.6 volumes per cent of 
the blood sample. The average of 4 centrifuge hematocrit values was 36.7 vol- 
umes per cent. The trae cell volume was thus 8.5 per cent lower than the centri- 
fuge hematocrit, 

^ Radioactivity xoDorted in counts npr rnTmifp n ^ 


[film 
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D. Determination of the true cell volume hy measurement of 'plasma protein dilu- 
tion. The concentration of protein per unit volume of plasma may be determined 
before and after addition of a knoum amount of isotonic salt solution to a blood 
sample of laio-\vn volume, and the volume of plasma in the sample calculated from 
the equation: 

Equation 3 : 

y _ m • 

^ Pi -P2 


Wlien X = Volume of plasma in the blood sample 

V = volume of isotonic salt solution added to sample 
Pi = concentration of protein, in mgm./ml. before dilution 
F 2 = concentration of protein, in mgm./ml. after dilution 
The volume of cells in the sample is then calculated from equation 2. 

For example, the plasma protein concentration of an undiluted sample of 
blood was 73.50 mgm. per ml. After dilution of 10.00 ml. of blood with 1.00 ml. 
isotonic salt solution, the concentration was 62.00 mgm. per ml. Appljdng 
equation 3: 


Volume of plasma in milliliters 


1.00 ml. X 62.00 mgm./ml. 
73.50 mgm./ml. — 62.00 mgm./ml. 


5.39 ml. 


From equation 2, the volume of cells = 4.61 ml. 

Cell volume = 46.1 per cent 

Application of the dye dilution method to the same sample of blood showed a 
true cell volume of 46.5 per cent. The average of 2 centrifuge hematocrits for 
the blood was 50.6 per cent. 

This method serves as a check on the validity of the dye dilution method for 
determining the cell volume. The results obtained by the two methods agree 
veiy closely, and both are more than 8 per cent lower than the centrifuge hemato- 
crit. 

E. The effect of variations in the absolute cell volume on the packing of cells. To 
determine the effect of cell volume variations on separation of cells from plasma 
by centrifugalization, the relative volume of cells was adjusted in 7 aliquots of 
an oxalated blood sample by removing plasma from some and adding tliis same 
plasma to others. In this fashion, the centrifuge hematocrit was caused to range 
from 20.9 to 79.9 per cent. The cell volume of each sample was determined by 
the dye dilution methods described in procedure A and bj’’ centrifugalization. 
The results are shovm in table 4. 

Comparison of the cell volumes determined by the 2 methods indicates that 
the amount of plasma remaining in the cell mass after centrifugalization varies 
directly vdth the volume of the cell mass; hence, the relationship of the true cell 
volume to that indicated by centrifugalization is constant. 

F. The cell volume determined by the colorimetric and centrifuge hematocrit meth- 
ods in the blood of different human subjects. The cell volume of blood from numer- 
ous human subjects was determined by centrifugalization and by dye dilution 
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methods to ascertain Avhether or not the variable factors existing in different 
bloods (pigments, proteins, etc.) influenced the difference indicated by the two 
procedures. Table 5 lists unselected determinations on blood samples from 10 
different human subjects. It is erddent that the true cell volume is consistently 
some 8.5 per cent lower than the centrifuge hematocrit value. 

Discussion. The concept that separation of cells from plasma is complete 
when continued centrifugalization at a given rate produces no further packing of 


TABLE 4 


SAMPLE 

CELL VOLUME PER CENT 

CELL VOLUME 

PER CENT TRAPPED 
PLASMA 

Determined by 
centrifugalization 

Determined 

colorimetricaliy 

Volume per cent 
less 

Per cent less 

1 

20.9 

19.1 

1.8 

S.6 

2.2 

2 

29.9 

27.3 

2.6 

8.7 

3.6 

3 

48.4 

44.3 

4.1 

1 8.5 

7.4 

4 

53.4 

48.7 

4.7 

8.8 

9.2 

5 

59.7 

54.7 

5.0 

8.4 


6 

68.4 

62.5 

5.9 

8.6 

15.7 

7 

79.7 

72.7 

7.0 

S.S 

25.6 


Comparison of the cell volume determined centrifugalization and by dye dilution in 
aliquots of blood with varying relative cell volumes. 


TABLE 0 


SAMPLE 

CELL VOLUME PER CENT 

VOLUME PER CENT 
LESS 

1 

PER CENT LESS 

PER CENT TRAPPED 
PLASMA 

Determined by 
centrifugalization 

Determined 

colorimetricaliy 

1 

40.3 

37.1 

3.2 

8.0 

5.1 

2 

42.6 

38.7 

3.9 

9.1 

6.3 

3 1 

43.6 

39.8 

3.8 

8.7 

6.3 

4 

44.0 

40.2 

3.8 

8.6 ’ 

6.4 

5 

47.5 

43.4 

4.1 

8.6 

7.2 

6 

47.7 

43.5 

4.2 

8.8 

7.4 

7 

48.4 

44.3 

4.1 

8.5 

7.4 

8 

49.0 

45.1 

3.9 

8.0 

7.1 

9 

49.6 

45.4 

4.2 

8.5 

7.7 

10 

53.4 

48.7 

4.7 

8.8 

9.2 

i 


Comparison of cell volume values obtained by the colorimetric and centrifuge hemato- 
crit methods on the blood of 10 normal human subjects. 


rile ceU layer is erroneous. Application of an R.C.F. of 1800 (usually employed 
in hematocrit determinations) for 1 hour can be expected to effect only 91 to 92 
per cent complete separation (3). 


Emplojdng the simple procedure of dye dilution, we have demonstrated that 
the ti-ue cell volume is consistently lower than the centrifuge hematocrit value 
(determined at an R.C.F. of 1800 for 1 hour). The validity of this method is 
based upon the assumption that none of the dye enters the cells. The quantita- 
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tive recovery of all dye by repeated washing of the cell mass, and the identical 
values for cell volume obtained by the plasma protein dilution method serve to 
justify this assumption, and establish the values so obtained as the true cell 
volume. 

The quite constant relationship between the true cell volume percentage and 
the centrifuge hematociit in different subjects and over a vide range of cell vol- 
ume values suggests that a correction factor might successfully be applied to 
centrifuge hematocrits to (fetennine the true values. We are reluctant to advise 
such a procedure, however, since the degree of packing of the cell layer by centrif- 
ugalization may be influenced by extreme variations of the erythrocyte size, or 
by very marked changes in the specific gravity or viscosity of the plasma. 

The error of the centrifuge hematocrit is large enough to influence materially 
the values of certain procedures which are dependent on the absolute cell volume 
percentage for accuracJ^ Thus, a positive error of 8.5 per cent in the hematocrit 
renders the total cell volume, as calculated according to the Keith, Rowntree and 
Geraghty procedure (18), some 15 to 16 per cent too high. The actual volume of 
the individual erythrocyte is less than commonly assumed, and calculations of 
electroljde content of erythrocj’-tes based upon analysis of packed cells are prob- 
ably in error (19, 20). In routine hematological procedures in which only com- 
parative values for the hematocrit are necessary, the centrifuge hematocrit is 
satisfactory provided that detenninations are made under identical physical 
conditions. 

The value for the trae cell volume percentage as determined by us is signifi- 
cantly lower than that reported recently by Shohl and Hunter (12). The differ- 
ent values and wide range of discrepancy (1-6 per cent) between the true cell 
volume and the centiifuge hematocrit reported by these investigators may be due 
to their use of small volumes of blood and large amounts of dj’’e. 

SUiMlUARY 

1. Centrifugalization of blood as usually perfonned does not effect complete 
separation of cells and plasma, and gives a value for the cell volume which is 
too high. 

2. The trae cell volume can be determined by dilution of the dye T-1824, and 
by dilution of plasma protein. The percentage of cells so determined is con- 
sistently some 8.5 per cent lower than the centrifuge hematocrit value. 

3. The dye T-1824 does not enter into or adhere to the cellular elements in the 
blood in significant amounts, and quantitative recovery is possible. 

4. A technique for determination of the trae cell volume percentage in blood 
samples removed during m vivo plasma volume deteiminations is described. 

5. Use of radioactively “tagged” erythroc^ries can be employed for accurate 
determination of blood volume. 

6. The significance of the error introduced in certain procedures by the errone- 
ously high centrifuge hematocrit value is discussed. 



DETERMINATION OF THE TRUE BLOOD CELL VOLUME 


455 


REFERENCES 

(1) WiNTEOBE, M. M. J. Lab. and Clin. Med. 16: 287, 1929. 

(2) Hieota, K. J. Biophysics (Japan) 1: 233, 1925; 2: 283, 1927. 

(3) Millae, W. G. Quart. J. Exper. Physiol. 15: 187, 1925. 

(4) Kennedy, J. A. and G. A. Millikan. J. Physiol. 93: 276, 1938. 

(5) Hellee, V. G. AND H. Paul. J. Lab. and Clin. Med. 19: 777, 1933. 

(6) Ham, T. H. and F. C. Cuetis. Medicine 17: 447, 1938. 

(7) Chapin, M. A. and J. F. Ross. Communication submitted for publication, 

(8) Ross, J. F. AND M. A. Chapin. Rev. Scientific Instruments 13: 77, 1942. 

(9) Ross, J. F. AND M. A. Chapin. J. Clin. Investigation 20: 437, 1941. 

(10) Gibson, J. G., II and W. A. Evans. J. Clin. Investigation 16: 301, 1937. 

(11) Gibson, J. G., II and K. A. Evelyn. J. Clin. Investigation 17: 153, 1938. 

(12) Shohl, a. L. and T. H. Hunter. J. Lab. and Clin. Med. 26: 1829, 1941. 

(13) Kagan, B. M. J. Clin. Investigation 17: 373, 1938. 

(14) Geegeesen, M. I. AND H. Shiro. This Journal 121: 284, 1938. 

(16) Personal observations. 

(16) Stead, E. A. and R. V. Ebert. This Journal 132: 411, 1941. 

(17) Hahn, P. F., W. F. Bale, J. F. Ross, R. A. Hettig and G. H. Whipple. Science 

92: 131, 1940. 

(18) Keith, N. M., L. G. Rownteee and J. T. Geraghty. Arch. Int. Med. 16: 547, 1915. 

(19) Oberst, F. W. j. Biol. Chem. 108: 153, 1935. 

(20) Butler, A. M. and E. M. MacKay. J. Biol. Chem. 106: 107, 1934. 



THE EFFECT OF NICOTINE ON UTERINE RESPONSES TO 
HYPOGASTRIC NERVE STIMULATION 

DONAL SHEEHAN and JOHN S. LABATE 
From the Department of Anatomy, New York University, College of Medicine 

Received for publication April 4, 1942 

Nicotine injected intravenous^ acts on autonomic ganglia, and in suitable 
doses blocks at this site the further transmission of nerve impulses, Avithout 
affecting postganglionic fibers. It has been used, therefore, to locate the pre- 
cise synaptic connections along specific autonomic pathways. 

Sympathetic fibers reach the uteras along the hj’-pogastric neiwe, stimulation 
of Avhich gives rise in the rabbit, monkej’' and pregnant cat, to tetanic contraction 
of the uterus followed bj’’ a period of inhibition (1,2). Langley and Anderson (1) 
observed marked reduction, and in some instances abolition, of these responses 
in the cat and rabbit following intravenous injection of nicotine, and the 3 ’- con- 
cluded therefore that the majority of the sjmaptic connections along this neiwe 
pathway lie peripheral to the inferior mesenteric plexus. The Itypogastric nerve 
would then convey preganglionic fibers to the uterus. Their obseiwations were 
confirmed by Cushny (3), but recently Sherif (4) has reported that, in the bitch, 
nicotine tartrate injected intravenously had no effect on uterine responses to 
hj’-pogastric nerve stimulation, and has concluded that the hypogastric neiwes 
consist mainly of postganglionic fibers. The contradiction in experimental 
evidence remains unexplained. The question has therefore again been taken 
up as part of an inAmstigation of the autonomic pathAva 3 ’'S to the utems in the 
monkeJ^ 

Method. Nine experiments Avere carried out, ' seven in immature female 
monkej^s (Macaca mulatta) and two in bitches. The animals Avere anesthetized 
Avith nembutal, injected intrapei’itonealty, and prepared for recording uterine 
movements in response to hypogastric nerve stimulation, as described in a 
previous paper (2). Nicotine alkaloid in 2 per cent solution Avas administered 
intraA'-enously in doses of 10 mgm. at a time. A total of 40 mgm. Avas given in 
some experiments. 

Results. In all expeiiments in the monkej’’ nicotine in sufficient dosage 
abolished the motor phase of nerve stimulation but did not affect the inhibitory 
response. The dose of nicotine varied in different animals. In one monkej’^ 
10 mgm. abolished the excitatory response; in another 40 mgm. had to be giA'^en 
before the motor response to neiwe stimulation entirelj’’ disappeared, although 
it was much diminished after an initial dose of 10 mgm. Tavo hours after the 
administration of nicotine, stimulation of the hypogastric nerves once more 
gave excitation of uterine activity, and this was again abolished bj’" a further 
dose of nicotine. 

In the bitch the initial excitatory response to hypogastric nerve stimulation 
was never as marked as in the monkey. However, the results AAuth nicotine in 
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these animals were identical with those obtained in the monkey in that, follow- 
ing nicotine (20 mgm.), the excitatorj’- effect of hypogastric nerve stimulation 
was completely abolished. 

Discussion. The weight of experimental evidence can only be interpreted 
by concluding that the fibers in the hypogastric nerves, stimulation of which 
results in a motor response in the utems of the monkej'- and bitch, are pre- 
ganglionic in nature. Histological evidence in support of such a conclusion 
has been offered by Kuntz and Moseley (5). Sherif’s negative findings (4) 
ma 3 " have been due to a relativelj"- inactive preparation of nicotine; certainly 
the high dosage which he used — up to 80 mgm. in some experiments — is well 
within the lethal range. 

The persistence of the inhibitoiy phase of the response has not been pre- 
viously emphasized. It suggests that the sjmaptic connections along the 








Fig. 1. A. Uterine response to h 3 ^pogastric stimulation in the monkey; motor and 
inhibitory phases. B. The same, a, hypogastric nerve stimulation; b, intravenous 
injection 10 mgm. nicotine; c, hypogastric nerve stimulation; d, intravenous injection 10 
mgm. nicotine; e, hypogastric nerve stimulation. 


inhibitoi y pathwaj’’ maj'^ lie above the point of stimulation, and the h^’^pogastric 
nerve would then contain in addition some postganglionic fibers to the uterus. 

The location along the motor pathway to the uterus of synaptic connections 
close to the organ of suppl}% follows the pattern which is associated with the 
parasympathetic rather than with the sympathetic branch of the autonomic 
nervous system. There is experimental evidence to support the contention 
that some of the hypogastric nerve fibers to the uteiTis are cholinergic in nature. 
Shenf (4) found that the concentration of acetylcholine in the blood in the 
uterine vein of a bitch was increased by stimulation of the hypogastric nerves 
and that the contraction of the uterus produced thereby was accentuated by 
«ie injection of eserine. The influence of cocaine (2) on the uterine reactions 
induced b^ hypogastric nerve stimulation also indicated that in the rabbit and 

XmS percentage of cholinergic 
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suJraiARy 

In the uterus of the monkey and of the bitch nicotine in suitable doses abolished 
the motor effect of hypogastric nerve stimulation. 

The inhibitory phase in the monkc}^ was not affected b3'’ nicotine. 

The evidence suggests that the h^’^pogastric neiwes in the monkej'- contain 
preganglionic motor fibers and postganglionic inhibitoiy fibers to the uterine 
musculature, and in the bitch preganglionic motor fibers. 

The motor fibers to the uterus contained in the hj’^pogastric nerves of the 
monkej'’ and bitch are probablj’’ cholinergic in nature. 

REFERENCES 

(1) Langley, J. N. and H. K. Anderson. J. Physiol. 19: 122, 1895. 

(2) Labate, j. S. j. Pharmacol, and Expcr. Therap. 72: 370, 1941. 

(3) CusHNY', A. R. J. Phj'siol. 36: 1, 1906-07. 

(4) Sherif, M. a. F. j. Physiol. 36: 298, 1935. 

(5) Kuntz, a. and R. L. Moseley. J. Comp. Neurol. 64: 63, 1936. 



FACTORS CONCERNED IN THE DEVELOPMENT OF TETANY BY 

THE RATI -2 


DAVID M. GREENBERG, MURIEL D. D. BOELTER and BENJAJMIN W. KNOPF 

From the Division of Biochemistry, University of California Medical School, Berkeley 

Received for publication May 26, 1942 

Little is known about the mechanism concerned in the onset of the s^mdrome 
of tetany. No single etiological factor is involved and no alteration in any 
single constituent of the body has been found which occurs invariably in tetany. 

According to Dragstedt (2) the most constant change in tetany is the increased 
excitability of the peripheral neiwes to electrical stimulation. This indicates 
that the nerve endings are the points primarily affected in this condition. In 
support of this Anew, Hartridge and West (3) found that in thyro-parathyroidec- 
tomized dogs attacks of tetany could be abohshed by sub-paralytic doses of 
curare. West (4) also obseived that all three forms of tetan}'-, tonic, clonic and 
fibrillary, can occur from 6 to 36 days after mid-dorsal transection of the spinal 
cords of thyro-parathyroidectomized dogs. 

Contrary to the above, Noel-Paton, Findlay and Watson (5) came to the con- 
clusion that in the tetany following thyro-parathyroidectomj’-, all the neiwous 
symptoms were due to the condition of the central nervous system. Section of 
the nerves abolished all the spasms, tremors and jerkings of the muscles supplied, 
whereas transection of the spinal cord abolished the tonic and clonic spasms but 
not the tremors and ierkings. In tetan}'- due to magnesium deficiency, Green- 
berg and Tufts (6) were not able to abolish the convulsions with sub-paralytic 
doses of curare. 

Most of the physiological studies on tetany have been carried out on the 
thyro-parathyroidectomized dog. Since the characteristics of tetany vaiy in 
different animal species, it is desirable to carry out comparative studies on other 
species and among these the rat is one of the most convenient. It is also desir- 
able to determine and compare the characteristics of tetany as produced by the 
various known methods. In the present work the characteristics of tetany in 
the rat as produced by a variety of means have been studied. By experiments 
involving administration of barbiturates and curare and by spinal transection, 
e^^dence has been obtained that the integrit}'^ of the centi’al nervous S 3 ’'stem at 
a level higher than the spinal cord is necessai^^ for the development of the con- 
vulsions of tetany in the rat. In a previous work, Greenberg and Tufts (6) 
thiough the difference in the pharmacological effect of certain drugs, concluded 
that the midbrain or the pons is in some manner involved in the tetany of mag- 
nesium deficiency. 


■I ' from the Committee on Endocrinology of the National Research Coun- 

cil and by the Christine Breon Fund of the Medical School. 

2 A preliminary report of this nmrk was presented by title at the New Orleans meeting 
of .American Society of Biological Chemists, March, 1940 (1). 
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Methods of study. Tetany was produced by dietaiy magnesium deficiency, 
dietary calcium and vitamin D deficiency, fasting of rachitic rats, parathyroidec- 
tomy and thja-o-parathjH’oidectomj’- with dietai^’- calcium deficienc 3 ^ 

Two stimuli both of a qualitative nature were employed to determine whether 
an animal Avas hj'-perirritable and thus prone to suffer from convulsions of tetany. 
One stimulus was the hissing sound of an air jet. The other Avas a mild galvanic 
shock from an induction coil. In the latter test the rat was placed on a Avood 
plate coAmred Avith alternating strips of brass contained on the bottom of a deep 
glass jar, AA'hich Avas connected hy AAdres to the induction coil. The current 
could be turned on and off by a kej'^ as desired. 

Results. The convulsions of tetany in the rat. The motor manifestations of 
tetany in the dog as described by West (4) are 1, tonic, Avhere continued con- 
traction of a muscle or a group of muscles produces a strongly marked posture; 
2, clonic, where AA^hole muscles, or a large portion of the fibers of a muscle con- 
tract nearly synchronously, producing jerks and tAA'itches; and 3, fibrillary, 
consisting of a rapid repeated contraction of a small group of fibers in one or more 
areas. Br 3 ’’an and Garrey (7) obseiwed that tetany in the thyro-parathyroidec- 
tomized dog is initiated by a rise in bodj'^ temperature and OA’^en’^entilation due 
to panting. 

A detailed description of the characteristic features of the convulsions of 
tetany in the rat as produced by magnesium deficiencj’- has been giA^en by Kioise, 
Orent and McCollum (8). In an attack, the animal races in a circle until it 
falls on its side unconscious. The entire body becomes rigid, AAfith head stretched 
back, fore limbs extended at the upper joints and flexed at the metacarpo- 
phalangeal joint, and hind limbs extended backAvard. The jaAvs are clenched 
and all respiratory movements cease during the attack to return onlj^ with 
relaxation of the musculature. This tonic epileptifonn conAmlsion aa^ss the most 
characteristic feature obseiwed in the present study b 3 ’’ all the methods of in- 
ducing tetany that were employed. 

During the convulsions regurgitation of the stomach contents and the ap- 
pearance of a foam about the mouth is a common feature. 

Comparison of Tetany Produced hy Different Regimens. Table 1 giA^es a sum- 
maiy of the incidence of conAulsiA’'e attacks, both spontaneous and induced, on 
the different regimens that Avere emploj'^ed. On all of the regimens the char- 
acteristic features of the conAuilsions Avere the same and folloAved essentially" 
the pattern given above. When a conAUilsion Avas induced by" a gah^anic stimu- 
lus, the susceptible animal fell OA"er on its side and immediately Avent into a 
tonic spasm in which the body became rigid, AAuth both fore and hind limbs ex- 
tended and the fore paivs clenched. 

The severity of the tetany is approximately indicated by" the number of deaths. 
Deaths folloAA"ing observed attacks of tetany are indicated in table 1. In most 
instances, hoAA"eA"er, the animals were found dead in their cage in the morning. 
'iATiiile convulsions probably" preceded death in these cases, there is no assurance 
of it. The liighest death rate occurred in the tetany" of magnesium deficiency • 
followed by that of the calcium deficient thyro-parathy"roidectomized rats. 
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The relative susceptibility to the two stimuli that were used is also interesting. 
In magnesium deficiency, as was more conclusively demonstrated in a previous 
paper (6), the hissing sound of an air blast is highly effective and the galvanic 
shock almost always ineffective. 

Table 1 shows that the animals on the low-calcium-low-D regimen and the 
fasting rachitic animals responded only to the galvanic stimulus and not at all 
to sound. The parathyroidectomized rats on the low calcium diet responded to 


TABLE 1 


Summary of the incidence of tetany on various regimens 


HEGIMEN 

ANI- 

MALS, 

NO. 

TIME 

OBSER- 

VATIONS 

OP 

SPONTA- 
1 NEOTJS 
CONVUL- 
SIONS, 

' NO. 

GALVANIC 

BrorDLUs 

SOT7ND 

STIMULUS 

DEATHS 

ALL 

1 CAUSES, 

1 NO. 

1 

1 PARALYSIS 

Tests, 

no. 

Con- 

vul- 

sions, 

no. 

1 

1 Tests, 
no. 

: Con- 
vul- 
sions, 
no. 

Spon- ; 
tane- 
ous, 
no. 

After 

galv. 

shock) 

no. 

Alagnesium deficiency*... 

35 

4-9 wks. 

1 

6 

4 

1 

30 

1 

13 

32** 

0 

0 

Calcium and vitamin D 





1 


1 

1 



deficiency 

14 

3-7 wks. 

0 

19 

6 

29 

0 

4*** 

1 

5 

Fasting rickets 

14 

4r48 hrs. 

0 

34 

11 

19 

0 

2 


1 

Parathyroidectomy and 











low calcium diet 

33 

3-13 wks. 

1 1 

31 1 

5 

22 

1 ; 

14t j 

10 

17 

Thyro-parathyroidec- 



I 

1 




1 



tomy and low calcium 











diet 

52 

2-8 wks. 

9 

99 

25 

122 

59 

38t 

3 

7 

Sodium phosphate injec- 







! 




tiontt 

4 

15 mins. 

2 

1 

0 

1 

1 

4« 



Sodium citrate injec- 











tion§ 

8 

15 mins. 

2 

2 

2 

3 

0 

4^ 

i 



* Included 8 animals on the same diet with added 10 mgm. ascorbic acid per 100 grams 
food. 

** Eight deaths after observed attack of tetany. 

*** Two deaths after observed attack of tetany, 2 deaths after paralysis, 
t One death after observed attack of tetany, 
t Eleven deaths after observed attack of tetany. 

tt Dose 5 ml. 10 per cent NaiHPOt per 100 grams body weight injected intraperitoneally . 
H Two deaths immediately following attack of tetany. 

§ Dose 1 ml. 1 per cent sodium citrate per 100 grams body weight injected intraperi- 
toneally. 

It All deaths immediately following attack of tetany. 


a higher degree to the galvanic shock than to sound while the thyro-parathy- 
roidectomized anunals responded readily to both stimuli but ivith the sound 
stimulus bemg nearly tivice as effective. 

A brief account of the salient features on each regimen is given below 
Magnm defioimcy. The results of an extensive study of the tetany due tc 

out that the best stmulus for mducmg the commlsions of tetany was the hissing 
sound of an air blast and that a galvanic shock from an induction coil was seldom 
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effective. In the 35 animals of the present study, a group of 8 was reared on 
the magnesium deficient diet but with the addition of crystalline ascorbic acid. 
There was no noticeable difference in response due to the ascorbic acid. 

Calcium and vitainin D deficiency. A diet lacking calcium only is not sufficient 
to produce tetanj’- in the rat even though the blood serum calcium concentration 
is greatly lowered (9). Tetany results, however, if the diet lacks vitamin D as 
well as calcium. Weaned rats (28 days old) became subject to the convulsions 
of tetany after being 6 to 7 weeks on this regimen. 

No spontaneous seizures were observed but convulsions were produced in 
about one-third of the animals subjected to galvanic shock. The sound stimulus 
was completely ineffective. The characteristics of the comuilsions were quite 
like those observ^ed in the tetany of magnesium deficiency. 

With the passage of time the galvanic shock caused paralysis and prostration 
such as is found in uncomplicated calcium deficiency (9) rather than attacks 
of tetany. 

The animals on this regimen scarcel 3 '’ grew at all. The food consumption 
which was initially 5 grams per rat per day fell to as low as 3 grams per rat per 
daj’’ after 5 weeks. Anatysis of the blood showed that the sei-um calcium was 
very low (6.3 mgm. per 100 ml.) and the serum phosphorus about normal (11.4 
mgm. per 100 ml.). 

Templin and Steenbock (10) fed adult female rats a diet low in calcium (56 
mgm. per 100 grams food) and lacldng in vitamin D for eight months, during 
which time ho attacks of tetanj’- were obsen'^ed, although the concentration of 
serum calcium fell as low %s 4.8 mgm. per 100 ml. These animals, however, 
were not subjected to electrical stimulation. Jones and Cohn (11) have noted 
that vitamin D protects the rat to a certain extent from the effects of calcium 
deficiency. The sermn calcium was not as low and the mortality not as liigh 
when additional vitamin D was administered. 

Fasting rickets. It has been observed that rachitic rats placed on a favorable 
healing diet or if simply starved, may succumb to attacks of tetanj'- (11-13). 
In the present study 14 severelj'- rachitic rats® were shifted to our stock colony 
diet but thej'- refused to eat. They were tested by galvanic and sound stimulus 
from 4 to 48 hours after this dietaiy change with the results shovm in table 1. 

Chemical analj’-sis of the blood of these rats showed that the serum calcium 
concentration was lowered (average, 7.2 mgm. per 100 ml.) and the serum in- 
organic phosphoms was normal (11.5 mgm. per 100 ml.). 

It is to be noted from the results on the low calcium-low vitamin D and the 
fasting rachitic animals, that when the tetanj'- was associated vuth lack of vita- 
min, only electric stimulation was effective and the sound stimulus completely 
ineffective in producing attacks of tetany. 

Parathyroidectomy and low calcium diet. The rat is resistant to the onset of 
tetany follovung removal of the parathyroid or thyro-parathyroid glands if the 
diet is adequate (14). However, tetany develops if the dietary calcium is low 
(15), or the phosphorus is high (16). 

’ Kindly supplied by Mr. Theodore Sanford of the Booth Laboratories, Oakland. 
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In the present study the two visible superficial parathyroids that occur in 
the rat were removed from a group of 33 rats which then were maintained on 
our standard low calcium diet (9) . Removal of the parathyroids alone was com- 
paratively ineffective in producing tetany even on the low calcium diet. The 
results are shown in table 1. The electric stimulus was more effective than the 
sound stimulus in evoking convulsions in this condition. The greatest liability 
to tetany occurred between 3 and 8 weeks after the operation. 

With the progress of time, the parathyroidectomized animals became more 
subject to paralysis and prostration than to tetany. Ten animals became 
paralyzed spontaneously and 17 succumbed to this condition after being sub- 
jected to the galvanic current. Of the 14 animals that died, the greater number 
did so while in a paralytic condition. 

The serum calcium concentration was at its lowest shortly after removal of 
the parathyroids and then tended to increase. Two weeks after the operation 
the calcium concentration was 5.3, at 4 weeks 7.3, and 8 weeks 9.5 mgm. per 
100 ml. serum. 

Incomplete removal of all parathyroid tissue may account for the low incidence 
of tetany in the parathyroidectomized animals. Hoskins and Chandler (17, 18) 
and Overholser (19), contrary to the opinion of earher workers, found an inci- 
dence of accessory parathyroids in only 5 to 7 per cent of the rats upon careful 
examination by serial sections of the neck region anterior to the vertebrae. 
Occasionally, however, strains of rats were found in which accessoiy parathyroids 
increase to the extent of 20 per cent. 

Thyro-parathyroidectomy and low calcium diet. In the thyro-parathyroidec- 
tomized animals on the low calcium diet, the incidence of tetany was high and 
the attacks of tetany were severe. Suflicient desiccated thyroid to supply an 
adequate amount of hormone was added to the diet. Consequently a deficiency 
of thyroid hormone was not involved in the increased incidence and severity of 
the tetany. If the rarity of accessory parathyroid tissue in the rat is true, it is 
difficult to explain the differences in the results of the two regimens. 

Thyro-parathyroidectomy was performed on 52 animals when they were 
about 5 weeks of age and then they were placed on the low calcium diet vdth 
added desiccated thyroid.^ The animals exliibited hardly any growth and 
veiy few animals were able to sundve for as long as two months after 
the operation. 

The thyro-parathyroidectomized animals become nervous, hyperexcitable 
and very active. As shown in table 1, they are easily susceptible to tetany. 
The sound stimulus proved somewhat more effective in inducing convulsions 
than the electric current. The time of greatest susceptibifity was between 3 
to 5 weeks after the operation. The severity of the condition is shoivn by the 
fact that 11 deaths occurred after observed attacks of tetany. It seems likely 
that many of the other 27 animals that died also succumbed following spontane- 


noted recently that an even more efficient method of producing tetany is to 
cctomize. ^ thyro-parathyroid- 
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Gus attacks during the night. The blood serum calcium quickly dropped and 
remained at a low level of concentration, ranging between 5 and 7 mgm. per 100 
ml. of serum. This is in marked contrast to the rats in which only the parathy- 
roids were removed. In this group the semm calcium at first dropped and then 
rose again to normal. 

In the course of time some of the features associated with pure calcium de- 
ficiency developed in the animals. There were 3 spontaneous and 7 induced 
cases of paralysis and prostration. 

Di-sodium phosphate and sodium citrate injection. A few experiments were 
carried out on the tetany produced by injections of these salts into normal rats 
in order to obseiwe how closely this compared -with the tetany caused bj’’ the 
deficiency regimens given above. 

The dosage employed is given in table 1. The first effect of the injection of 
either salt was to make the animals apathetic and stuporous. Apparently they 
were onlj’- semi-conscious. The convulsions of tetany showed the same general 
features, i.e., the tonic positional spasm described above. Besides this there 
was a great deal of clonic contraction not commonly observed on the other 
regimens. Spontaneous convulsions set in about 10 to 15 minutes after injec- 
tion of the diTSodiiun phosphate which eventually ended in death. Convulsive 
seizures could also be induced prior to their spontaneous onset by either the air 
blast or galvanic shock. 

In the sodium citrate injected animals, convulsions could be eUcited in from 
5 minutes to 1 hour after the injection. Seizui-es were produced by galvanic 
stimulation and by touching and pinching the animals, but not by the hissing 
sound of the air blast. Two out of eight animals had spontaneous attacks. The 
condition appeared to be less severe in the citrate injected than in the phosphate 
injected animals. 

The Rdle of the Central Nervous System in Tetany. The involvement of the 
central nervous system in the syndrome of tetany, at a level higher than the 
spinal cord, is demonstrated by the experimental results described below. 

Barbiturates. Noel Baton and Findlay (20) noted that ether anesthesia com- 
pletely stopped attacks of tetany in thyro-parathyroidectomized dogs. Ad- 
ministration of barbiturates will prevent the onset of tetany in susceptible rats. 
Only sedative, not anesthetic doses are required. It was previously shown that 
doses of ^ to I the anesthetic level of sodium amytal prevented the onset of the 
convulsions of tetany in magnesium deficient rats when they were subjected to 
the hissing sound of an air blast (6). 

In the present work the sedative effect of sodium pentobarbital (Nembutal) 
was tested on thyro-parath 3 '-roidectomized rats. Thirteen rats which gave 
positive responses from 1 to 3 prior to the test were injected with doses of 
2 mgm. sodium pentobarbital per 100 grams body weight. Nine of these gave 
completely negative results and 4 showed only a fleeting effect which lasted for 
the duration of the current upon electrical stimulation. With the sound stimu- 
lus, the response was completely negative in all trials. From 24 to 48 hours after 
the negative tests the same animals responded positively to both electrical and 
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sound stimuli. Sedative doses of barbiturates therefore have the same effect 
against tetany in parathyroid deficiency as they do in magnesium deficiency 
in the rat. 

Spinal transection. In thyro-parathyroidectomized dogs, Noel Paton, Findlay 
and Watson (5) obser\’-ed that the tremors and jerkings persisted in muscles 
below the point of section of the cord but that the sustained tonus was eliminated. 
The movements of the hind legs were entirely independent of the condition of 
the fore part of the body. West (4), on the contraiy, states that all elements 
of tetany were retained in the hind limbs when the spinal cord had been tran- 
sected in the cervical or dorsal region. 

The present experiments demonstrated that shortly after spinal transection 
at about the seventh thoracic vertebra, tetanic seizures were abolished in the 
hind extremities but the fore part of the bod 3 '- reacted as before operation in 
magnesium deficient, thyro-parathyroidectomized and citrate injected rats. 
In magnesium deficient animals, 8 positive reactions were obtained mth the 
fore part of the body while the hind quarters remained limp (after spinal tran- 
section). Two of these attacks occurred spontaneouslj’- and six after stimulation 
-with the air blast. When the sound was turned on, the rats attempted to mn 
in circles, dragging along the paralyzed hind limbs. Application of the electric 
current caused tonic extension of the hind limbs for the duration of the current 
onty, up to 2 days after the operation. 

Spinal transection was performed on a group of 18 thj'-ro-parathyroidectomized 
rats maintained on the low calcium diet. All the animals were tested for their 
susceptibility to tetany prior to the operation. There were 16 positive re- 
sponses, 10 by galvanic shock and 6 by means of the air blast.-. Sixteen rats 
survived the operation and of these, 11 reacted with the fore body while the hind 
quarters remained limp on being subjected to galvanic stimulation. This 
response could be elicited in from 2 hours to several daj’^s after the spinal tran- 
section. 

Three citrate injected shock animals following spinal cord transection reacted 
mth typical attacks of tetany in the fore quarters while the hind limbs were 
affected only for the duration of the current upon being subjected to galvanic 
stimulus. 

Curare. Hartridge and West (3) concluded that sub-paralytic doses of curare 
abolished the spasms of tetanj’- in thyro-parathyroidectomized dogs. .This 
was offered as proof of the peripheral neuro-muscular nature of tetany. It was 
previously shown that the tetanj'- of magnesium deficiencj^ is not prevented by 
the admimstration of curare. In the present study, the effect of curare was 
tested on rats subjected to the thyro-parathyroidectomy-low Calcium and on 
the fasting rickets regimens. 

In the thja-o-parathyroidectomized animals, out of 11 cases in which tetany 
could be elicited before injection, tetany occurred in 10 curare= injected animals 
when subjected to electrical stimulation. Tw^enty-five curare injected rats 

® Curare dose from 0.15 to 0.25 


mgm. per 100 grams body weight. 
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were tested in all, employing the different stimuli, with a positive response in 
13 cases. 

In three fasting rachitic rats which gave a positive reaction prior to injection 
of curare, 2 suffered commlsions and the third became paralyzed upon electrical 
stimulation from 10 to 25 minutes after curare administration. 

Discussion. The experiments described here demonstrate the essential 
similarity of the manifestations of tetany produced by the different experimental 
regimens.® The convulsive attacks are indistinguishable from one another. 
The difference in the effectiveness of the sound and electrical stimuli is not easy 
to explain. To some degree it may be detennined by the severity of the condi- 
tion since the thyro-parathj’-roid animals, in which the tetany was very severe, 
responded strongly to both stimuli. 

In many of the conditions in which tetany develops, there is a marked reduc- 
tion in the serum calcium level, presumably the ionic calcium. Reduction of 
the serum calcium alone if it is produced slowly, as by low calcium diet, does not 
lead to tetany in the rat. Perhaps vitamin D and the parathyroid glands pro- 
duce a reaction which counterbalances the effect of the low serum calcium? 

The present experiments confirm the importance, noted in earlier work, of 
the central neiwous system for the manifestations of tetany. The integrity of 
the central nervous system at a level higher than the spinal cord seems to be 
essential for sustained tonic convulsions. Evidence that states leading to tetany 
affect definite parts of the central nenmus system is indicated by the work of 
Gellhorn and Feldman (21). These authors found that the sympathetico- 
adrenal system becomes sensitized and the vago-insulin system becomes de- 
pressed in magnesium deficiency. The I'ecent studies on neurotic states in rats 
(22) also are of some significance. The sound of the air blast as a stimulus and 
certain features of the neurotic convulsions are reminiscent of the manifestation 
of tetany in the rat. 


SUMMARY 

1. A study has been made of the relation of certain dietary and hormonal 
factors to the production of tetany in the rat. 

Extreme lack in the diet of calcium alone does not produce tetany even though 
the blood calcium drops to extremelj’’ low levels. Tetany will result if the diet 
is deficient both in vitamin D and calcium. On the low calcium diet, tetany 
is produced by removal of the parathyroids and even more effectively by removal 
of the thyroid and parathyroid glands with the addition of adequate thyroid 
extract to the diet. 

2. Rats on different regimens show a difference in response to various stimuli, 
but the tetanic attacks produced by all the different procedures pursue a hke 
course. Attacks can be induced vith a galvanic current but not with the sound 
of an air blast in tetany associated ndth vitamin D and calcium deficiency or 

® Since this was written we have demonstrated that in tetany caused by alkalosis in the 
rat, there is the same kind of convulsion and the same response to spinal transection as 
described here. 
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with healing rickets. Both stimuli are effective in tetany due to thyro-para- 
thyroidectomy, and the air blast only is a veiy effective stimulus in the tetanj'- 
of magnesium deficiency. • 

3. Involvement of the central nervous system at a point higher than the 
spinal cord in the syndrome of tetany is shown by the following: a, sedative 
doses of amj'tal and pentobarbital pi’event the onset of attacks; 6, spinal tran- 
sected rats reacted mth the forebody but not wuth the hind extremities during 
attacks, and c, subparatytic doses of curare do not prevent the convulsions of 
tetany. 
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Recent studies of electrical stimulation of the motor cortex in different mammals 
have revealed the fact that various autonomic reactions such as pressor and 
depressor effects, change of heart rate, pupillary dilatation and retraction of 
nictitating membrane, could be obtained. Dusser de Barenne et al. (1) have 
observed falls of blood pressure follomng stimulation of the motor cortex in dogs, 
cats and rabbits. Hoff and Green (2) obtained chiefly pressor effects in cats 
and monkeys. Later Green and Hoff (3) studied the limb and renal volume 
changes in cats and monkeys follondng cortical stimulation. They reported 
that either a rise or a fall of blood pressure ma 3 ’- result, that renal volume is usually 
decreased during rise of blood pressure and the limb volume is usuallj’- increased 
regardless of anj"- alteration of the mean blood pressure. The discrepancy of the 
findings between Dusser de Barenne and Hoff and Green has been attributed to 
the difference of anesthetics or the character of the cerebral representation of 
the vasomotor system, as the former used ether, urethane or morphine while the 
latter used ether or dial ciba supplemented mth ether. The purpose of our 
present stud}’’ is to determine whether pressor or depressor effects Mil result 
from stimulation of the motor cortex in dogs when such animals are under chlora- 
lose anesthesia. Also the possible mechanism of any cardio-vascular changes 
following cortical stimulation Mil be studied. 

Methods. Twenty successful experiments on dogs are used for this report. 

Anesthesia. All animals were anesthetized hy intravenous injection of chlora- 
lose (70 mgm. per kgm.) with ether induction. In a few experiments, ether alone 
was used. 

Experimental procedure. Blood pressure was recorded from the common 
carotid by a mercury or membrane manometer. The vasomotor reaction 
was registered bj'- volume changes of the kidne 3 ^ Respiratory movements ■ 
were recorded by means of a trocar inserted through the chest wall or by a 
tracheal cannula connected Mth a tambour or water manometer. In a few 
experiments curare was given in sufficient doses to paralyze muscular movements 
and artificial respiration was instituted. In some dogs both vagi were sectioned. 
The skull was exposed either on the left or on the right side by trephining a hole 
and widening by bone forceps. As soon as the dura was opened, the brain 
tissue was covered Mth pledgets soaked in warm Locke’s solution. 

Electrical stimulation. Bipolar niclu’ome and platinum Mre electrodes sepa- 
rated at the tip less than 1 mm. were used. Each stimulation lasted from 10 to 
20 seconds and the interval' between two stimuli was two minutes or more in 

^ This investigation was supported in part by a grant from the Rockefeller Foundation. 
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order to avoid possible extinction and inhibition phenomenon as noticed by Dusser 
de Barenne and McCulloch (4). Two dry cells of 3 volts connected with a 
Harvard inductorium Avere used for stimulation. The strength of current was 
varied by setting the secondary coil on successive points 1 cm. apart from 2 to 
9 cm. In the figures a represents 2 cm., h 3 cm., c 4 cm., etc. Both focal and 
nonfocal points of the motor area were stimulated as shown in figure 1. Besides 
blood pressure, respiration and renal volumes were registered, pupillary reaction, 
variation of heart rate and muscular movements were also observed and re- 
corded during the course of the experiment. 

Results. 1. Depressor effect. In practically every experiment we obtained 
a fall of blood pressure upon stimulation of the motor focal points of the sigmoid 
gyras in dogs. In a feiv instances pressor effects were also observed but only 




Fig. 1. Motor focal and nonfocal points stimulated, o marks focal points and x marks 
nonfocal points. Focal point 1 represents fore limb area, 2 neck muscle, 3 hind limb, 4 
pupil dilatation and 5 tail movement. 

Fig. 2. Pressor and depressor effects induced by cortical stimulation after curarization. 


at the beginning of stimulation, i.e., an initial rise followed by a fall of blood 
pressure. In some curarized dogs, hotvever, (fig. 2b) a rise of pressure was 
observed. In animals injected tvith curare, stimulation of the motor area may 
cause either a rise or a fall of blood pressure. This confirms the results of Green 
and Hoff (3). 

2. Motor focal points. When liminal current was used to stimulate the sig- 
moid gyrus only the motor focal points tvould give rise to blood pressure changes. 
With a current stronger than liminal, spots other than focal points in the sigmoid 
gyrus inight cause depressor effects; but this, we believe, is due to the spread 
or irradiation of current to the focal points. The liminal current which would 

cause depressor effects was usually when the secondary coil of the inductorium 
was set at 7 or 8 cm. 

3. Variation of depressor effects. The extent of variation of the depressor 
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effect is determined by two factors: 1, strength of current, and 2, differences in 
the focal points. Figure 3a, b, c shows the effects of different strengths of current 
on the depressor effect. Stimulation of focal point 1 (fore limb area, fig. 1) 
with current strength f, or 7 cm., resulted in a fall of blood pressure of about 10 
mm. Hg, while with current strength d, or 5 cm., the drop of blood pressure could 



Fig. 3. a-c shows the effect of strength of current on the fall of blood pressure, d shows 
that the depressor effect is not influenced by section of the vagi. 



a h c d c f 

Fig. 4 Fig. 5 

Fig. 4. a shows the effect of stimulation of one of the non-focal points; b-f shows the vari- 
ation of depressor effect by stimulation of different focal points of the motor cortex. 

Fig. 5. The depressor effect accompanying the increase of renal volume following cortical 
stimulation. 


be over 40 mm. Hg. The drop of blood pressure from stimulation of any focal 
point was not influenced or abolished bj’’ section of both vagi (fig. 3d). With 
the same strength of current, different focal points, however, did not give the 
same effect. Focal points such as pupillary dilatation, neck and fore limb area 
usually gave more marked dej^ressor effect than those of tail and hind limb areas 
(fig. 4 a-f). 
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4. Relationship between the depressor effect and muscular movements. 

the strength of current was sufficient to induce a motor response conspicuous 
depressor effects and renal volume changes usually resulted. lATien the strength 
of current was below the threshold for muscular movement noticeable change 
of blood pressure did not occur except when focal point 4 (pupillary dilatation 
center) of the sigmoid gj^rus was stimulated. However, in view of the obsen’-a- 
tions that in curarized animals marked depressor effects were obtained from all 
the motor focal points vdthout the slightest accompanjdng muscular movements, 
and that in a few instances there were muscular movements without accompanj'-- 
ing depressor effects, we feel that the depressor effect itself is independent of 
muscular movements. 

5. Heart rate. The heart rate is usualljr increased on cortical stimulation. 
In four experiments using a membrane manometer to register blood pressure, it 
was found that before stimulation the average heart rate was 110 per minute; 
during and shortly after stimulation it had increased to 132 per minute, vdth an 
average increase of approximatelj’’ 20 per cent. The increase in heart rate usu- 
ally began after ten seconds of stimulation, similar to the duration of the latency 
of the depressor effect. It is evident that the change of blood pressure was not 
dependent on the change of heart rate since these changes occurred simulta- 
neously and since depressor effect was obtainable after section of both vagi. 

6. Renal volume. On stimulation of the motor focal points in dogs there was 
alwaj^s an increase of renal volume accompanying the fall of blood pressure 
(fig. 5). Green and Hoff (3) observed “diminution of renal volume in curarized 
animals under ether anesthesia during the rise of blood pressure evoked by 
stimulation of the motor cortex” in cats and monkeys. Their result is contrary 
to our present findings in dogs anesthetized with chloralose. Whether the dis- 
agreement of our findings vnth that of Green and Hoff (3) is due to the difference 
of anesthetics or to cortical representation needs further experimental clarifi- 
cation. There is very little doubt that the depressor effect resulting from cor- 
tical stimulation is chiefly due to the vasodilatation of the visceral organs. 

7. Respiratory movements. In most cases when the motor focal points were 
stimulated the amphtude of the respiratory movements was decreased and the 
rate increased. In a few cases apnea resulted as long as the stimulation lasted 
(figs. 2-5). The findings on the variation of the respiratory movements in re- 
lation to the fall of blood pressure confirm the results of Chu and Loo (5) in 
their experiments on hypothalamic stimulation in cats. The change of blood 
pressure in our experiments, however, was not due to the change of the respira- 
tory movement as both pressor and depressor effects were still obtainable after 
paralysis of the respiratory muscles bj’- curarization (fig. 2). 

Discussion. Recent experiments on cortical stimulation and ablation of the 
motor ai'eas (including motor and premotor areas) have shovm that the motor 
area of many mammals serves not only as the center for voluntary" movement 
but also represents the cortical autonomic center. That the actmty of the gastro- 
intestinal tract can be augmented in the presence of ablation of the premotor area 
has been demonstrated by Sheehan (6) and Watts and Fulton (7). Watts has 
also shown that augmented activity of the gastrointestinal tract can be induced 
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by stimulation of this region (8). From the study of vasomotor changes by corti- 
cal stimulation, Green and Hoff (3) concluded that ‘‘there are certain nervous 
pathways, originating in the motor cortex, excitation of which results in a 
redistribution of blood.” 

Our present findings on cardiovascular and other autonomic changes further 
strengthen our concept of cortical autonomic representation in the motor area. 
Our results, that the intensity of the depressor effect is dependent on the strength 
of current and on the seat of motor focal points — the fore limb area is more sensi- 
tive and effective than the hind limb area — lead us to believe that there are 
two possibilities for this mechanism. 1. Probably from the motor area there 
are thinlj'- myelinated or unmyelinated fibers mingled with the cortical-spinal 
or the extrapj^ramidal system which make connections with various autonomic 
centers such as cardio-inhibitory, respiratory and vasomotor centers in the 
hypothalamic, tegmental and bulbar regions. 2. Through direct or indirect 
pathways, connections between cortico-spinal and extrapyramidal system fibers 
and the autonomic centers in the lower levels are made. The existence of these 
hypothetical tracts certainly needs to be verified by experimental studies with 
the Marchi method and careful examination of silver preparations by neuro- 
anatomists. 


SUMHURY 

1. By stimulation of the motor focal points on the sigmoid gyrus of the dog 
anesthetized with chloralose, there is always a fall of blood pressure. The de- 
pressor effect thus produced is always associated with the muscular movement 
in noncurarized animals, but the production of the former is not dependent (^n 
the latter. 

2. The intensity of the depressor effect evoked from the cortical stimulation 
in dogs is determined by the strength of the stimulating current and by the 
particular motor focal point that is stimulated. 

3. The heart rate is usually increased about 20 per cent on stimulation of the 
motor area in dogs, but the change of the heart rate is not a causal factor in the 
depressor effect, since the latter is not influenced or abolished by section of both 
vagi. 

4. The respiratory movements are usually decreased in amplitude and in- 
creased in number, and occasionally apnea ma 3 ’' occur during cortical stimulation. 

5. The renal volume is always increased accompanying the fall of blood pres- 
sure folimving cortical stimulation. Vasodilatation of the visceral organs is 
probably the cause of the depressor effect. 
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Knowledge of the blood pressure norms for the whole of the postnatal period 
of life, particularl 3 '- in man, is extensive but a comparable bodj’- of information 
relating to the prenatal period has not been forthcoming presumably because 
less readily available rather than less interesting. The circulatory system before 
birth is not subject to reflex disturbances to the same extent as the adult but 
it is itself undergoing very considerable structural changes. 

From time to time single observations upon fetal blood pressure have ap- 
peared (reviewed by Barcroft, 1936) but only one study has been made of fetal 
blood pressure in relation to fetal age, the seven measurements of the sheep 
f Au^ by Barcroft. For a clear understanding of the changes in blood pressure 
during the course of intrauterine life it is necessaiy to have a large number of 
observations at short intervals throughout gestation in some one form of animal 
from which a continuous supply of embryonic material of known age can be 
obtained. The rat n^as chosen because of a need of some knowledge of blood 
pressure in certain experimental work projected by two of us, and because of 
the possibility of correlating pressure changes with the known morphological 
steps in the development of the heart in the rat (Burlingame and Long, 1939). 
A disadvantage lies in the relative immaturity of the rat at birth, as compared 
with sheep, dog and cat, animals from which isolated blood pressure measure- 
ments have been obtained near the end of the gestation period. 

Methods. Preparation of the mother rat. The time of conception was 
arbitrarily dated from the midnight preceding the finding of sperm in the vagina; 
and was confirmed by reference to the morphological data obtained by Long and 
Burlingame (1938). The pregnant rat was lightly anesthetized with ether by 
inhalation followed with 0.5 mgm. of pentobarbital sodium by intravenous 
injection repeated at half-hour or longer intervals. 

Since in manj’- instances the maternal blood pressure was recorded simul- 

1 Supported by a grant made by the Board of Research of the University of California 
to the senior author. 
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taneously with the fetal blood pressure, the carotid artery was exposed. The 
trachea was cannulated to minimize the respiratoiy difficulties incident to the 
prolonged anesthesia. After a 3 inch abdominal incision u'as made in the mid- 
line, and anj^ consequent bleeding controlled, the mother was immersed in a 
bath of Tyrode’s solution kept at 38 ± 0.5°C. One horn of the uterus was lifted 
out and gently extended on a submerged cork platform. Through a short in- 
cision at the cephalic end of the utems a slender, slight^' curved, glass rod was 
inserted a short distance between the wall of the uterus and the yolk sac, and 
used both to elevate the uterus momentaiih’- aboim the surface of the water and 
as a guide (protection to the fetal membranes) in opening the uterus. The 
uterus was opened by making an incision throughout its length b}^ means of a 
hemostatic cauteiy along the rod as the latter was inserted further and further 
beneath the wall. The uterus was then pinned out on the cork platform in such 
a manner as to bring the placenta of one selected fetus into a horizontal position. 
Care was taken not to separate anj*- of the placentae from the uterus since tliis 
accident causes profuse bleeding which lowers the maternal blood pressure. 
Any unnecessary manipulation which might result in obstruction to the uterine 
circulation was carefully avoided. 

The maternal blood pressure from the carotid arteiy was recorded on a 
smoked drum by means of a Hurthle manometer. Ten per cent citrate was 
used as an anticoagulant. 

Preparation of thefcins. All subsequent operations were performed under the 
dissecting microscope which was supported on a jointed bracket for flexibility 
of positions. The yolk sac of the chosen fetus was opened with the cautery, 
the incision being made between parallel vessels to avoid bleeding and to cause 
as little interference with the yolk sac circulation as possible. The yolk sac 
was then slipped off the embiyo, revealing the umbilical vessels and their 
branches on the surface of the placenta. Care was taken not to stretch or 
manipulate the umbilical vessels because of their tendencj’’ to contract when 
disturbed. A minute incision was made ndth sharii needles in the tough trans- 
parent membrane which covers the surface of the placenta, above a suitable 
branch and not too close to the umbilical arteiy. The branch was then scraped 
free of connective tissue wliich might clog the cannula. 

The cannula, about 7 mm. long, was attached to a short length of catheter 
tubing which was supported by a light clamp on racks and pinions about 2 cm. 
from the tip. Its position could be adjusted in both the vertical and horizontal 
planes to any convenient angle (usually at nearly right angles to the long axis 
of the utenis). The length of tubing between the cannula and the support 
allowed sufficient flexibilit 3 ’’ to prevent the blood vessel from pulling awaj' from 
the cannula during uterine contractions which occur during and after the eigh- 
teenth daj’' of pregnancy’’. This arrangement permitted the, cannula to travel 
vith the placenta without disturbing the connection. In each instance a 
cannula was chosen which would fit the blood vessel snugbu A tiny barb, on 
the fish hook principle, was drawn on the tip as an additional precaution against 
the pulling out of the cannula. The tip, 0.15 to 0.25 mm. in diameter, was 
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bevelled like a hypodermic needle and fire polished. The cannula was brought 
into position parallel to and just above the prepared vessel with its tip close to 
the junction of the branch and the umbilical artery. It was possible, by grasp- 
ing the edges of the incision above the blood vessel to pull the vessel onto the 
cannula without loss of blood inasmuch as the tip was sharp enough to pierce 
the blood vessel wall. The fetal circulation through the placenta was not 
obstructed except in the one branch. Heparin was used as an anticoagulant 
and was drawn into the cannula just before its insertion. 

The method used in determining the fetal blood pressure was essentially that 
devised by Landis (1934) for determining the blood pressure in human capil- 
laries. The fetal blood pressure was read from a capillaiy water column (Tyrode 
solution) which was balanced ivith the blood pressure by means of a sjninge; 
that is to say, the water column was continuously adjusted to a point at which 
blood just remained in the cannula but no Tyrode entered the artery during 
diastole. The rise in the tube due to capillarity and the exact level of the fetus 
were taken into account in setting the zero point. Readings were taken at in- 
tervals of 15, 30 or 60 seconds during periods of fluctuations and at longer in- 
tervals when a particular level was maintained. Under these conditions the 
fetal pulse rate maintained a constant level for an hour or more. 

The above procedure applies to embryos of 15| days or more. The method 
was not found feasible for embryos in the earlier stages of pregnancy because of 
the tendency of the uterus to expel the embryo through an incision. 

Moreover, it soon became apparent that when the younger embryos are 
separated from the uteras and placed in Tyrode solution at body temperature 
the pulse rate remains normal for only a few minutes. If the embryo nith 
membranes intact is placed in a bath at room temperature, the pulse rate falls 
immediately to a low level but the rate quickly returns to normal if the embryo 
is subsequently transferred to a bath at body temperature. The normal rate 
is then maintained as long as though the embiyo had been placed in a warm 
bath immediately upon removal from the uterus. These earlj'- emblems were 
therefore placed in a room temperature bath for the operative procedure pre- 
paratory to cannulation in order that the entire period of normal pulse rate 
might be used for the blood pressure determination. 

The yolk sac was severed from the placenta by cutting with iridectomy scis- 
sors in the narrow non-vascular zone adjacent to the placenta, thus allondng 
the yolk sac to slip donm the umbilical cord exposing the branches of the um- 
bilical vessels on the inner sm-face of the placenta. There was no loss of fetal 
blood inasmuch as the yolk sac vessels remained entirely intact. . (Occasionally 
an anastomosis was encountered between the yolk sac and the placental circu- 
lation, across the noimally nonvascular zone, in which case the embryo could not 
be used.) A branch of the umbihcal arterjr was then prepared for cannulation, 
as described above, and the embryo transferred to the warm bath. The usual 
time interval between removal from the utenis and cannulation ivas from five 
to ten minutes. 

Although no precise data were collected on the subject it was found that 
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embr 3 ^os could be kept at room temperature for a half hour or more without 
impairing the ability of the heart to return to its normal rate upon restoration 
of the noimal temperature. 

Both methods were emploj^ed \\'ith 15| daj*- embryos for comparison. 

Records were made of the crown-rump length of each fetus (measured wet). 
The length of each fetus actually used did not in any case differ by more than one 
millimeter from the average for the litter. The average crovai-iump length of 
the fetuses from which blood pressure measurements were obtained is given at 
the foot of figure 2 for each age group. More extensive data have been compiled 
by Gonzalez (1932) on the rate of growth of the rat fetus. Our measurements 
in the latter half of pregnancy are somewhat in excess of his mean values but 
fall within the range of normal variation which he reports. 

Standard conditions. The follovnng criteria were used to insure as far as 
possible that the fetuses were in a suitable physiological condition for observa- 
tion. 1, no maternal hemorrhage; 2, no obstruction in the uteime blood suppty 
as a result of kinking or stretching; 3, characteristic arterial color in the umbili- 
cal ai’tery; 4, uninterrupted, constant and rapid pulse in the umbilical arteiy; 
5, no loss of fetal blood. 

Observations. The pulse rate. A rapid and steady pulse rate was taken 
as the primary criterion for normalcy. The pulse was therefore observed and 
recorded at frequent intervals for each fetus (fig. 1). Two curves (joined bj’’ a 
dotted line) appear in this figure. The upper curve shows the increment in 
pulse rate from 15k to 21\ days for embrjms vdth placental attachment to the 
mother. The lower curve shows the observations between the ages of 11^ and 
15^ daj'S for embiyos entirely separated from the mother. Each point in the 
curves represents an average of the several observations on different embrj^os 
at any particular age. 

Since the points for 12| and 13^ days are in line with the points of the 
upper curve, these three pulse rate values for embiyos vithout placental at- 
tachment were considered to be within the range of normalcy. The blood 
pressure values for these three age groups were therefore considered acceptable 
and are plotted in figure 2. Inasmuch as the average pulse rate value for em- 
bryos of 154 days without placental attachment (lower curve) is considerablj^ 
lower than the average rate for embiyos for the same age ivith placental attach- 
ment the lower value was considered abnormally low and the blood pressure 
values for these embiyos were therefore discarded. The blood pressure values 
for 144 day embrjms were discarded for the same reason. 

It is apparent from these two curves that the pulse rate in the ver}'' earl}^ 
stages of pregnane}’’ is independent of placental attachment to the uterus, for a 
brief period. After 13| days, embryos cannot be depended upon to maintain a 
normal pulse rate long enough to give a normal blood pressure reading after 
separation of the placenta from the uterus. 

Goss (1938) fixes the time of first contraction of cardiac muscle cells at 9 
days 14 d= 2 hours (dating from “the early hours” of copulation) and the start- 
ing rate 37 to 42 per minute. The embiyos were observed in hanging drops at 
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38°C. Goss’ value is placed on our graph for comparison with our data (fig. 1). 
Goss does not comment on the curious fact that he obtained no value less than 
37 beats per minute. 

The only other values for the pulse rate of the rat fetus are those of Corey 
(1932) which are considerably lower than ours. 

Blood pressure changes. The blood pressure records of each fetus were plotted 
against time in minutes. Typical examples are shovm in figure 3. Because 
the differences in pressure are small, all values for fetal blood pressure are ex- 
pressed in terms of millimeters of Tj-rode solution rather than of mercury. 



Fig. 1. Change in heart rate of fetal rats with time of gestation. Each circle represents 
the mean value for the age group. 

Fig. 2. Change in blood pressure of fetal rats with time of gestation. Each circle repre- 
sents a value for one fetus (see text). Bars show extreme values for single observations 
in each age group. 

The 15| day fetus in figure 3, maintained a value which fluctuated onl 3 >- 
±1.0 mm., from 64 to 68 mm. (5 mm. Hg) over a period of 47 minutes (26 min. of 
which are shown). The average fluctuation for the group was 0.9 mm. Tjwode. 

At 17| days, in the example shown in figure 3, there is a fluctuation of 
±7.0 mm., from 104 to 120 mm. (8 to 9 mm. Hg). The average fluctuation of 
five fetuses from tvhich readings were obtained at frequent intervals for at least 
twenty minutes was ±6.0 mm. The records for the other three members of 
the group were not of sufficient duration or the readings too infrequent to show 
fluctuations nhich maj^ have occurred. 

The record of the 19§ day fetus in figure 3 shows a fluctuation of 15.0 mm. 
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from 164 to 194 mm. (12.1 to 14.3 mm. Hg). The average fluctuation of three 
fetuses from which records were obtained at frequent intervals for twenty 
minutes or more was ±14.0 mm. 

The greatest fluctuation was shown hy 2l-| day fetus with a range of 23 mm. 
from 168 to 214 mm. (12.4 to 15.7 mm. Hg). 

The selection of any representative value for the blood pressure after the 
sixteenth day was an arbitraiy matter because of the prolonged period of fluc- 
tuation in pressure. It was necessaiy to choose such a value however in order 
to study the relationship between pressure and age. The procedure used was as 
follows : 

1. Data obtained after the 30th minute were discarded as representing pos- 
sibl.y a moribund state. 

2. In those fetuses which showed fluctuations in blood pressure, an average 
was taken of the highest and lowest points. Thus in figure 3, 19|- da^-^s, the 

/7j/n HiO 
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Fig. 3. Blood pressure variations during period of observation. Each line gives observa- 
tions on one fetus selected to represent its age group. 

blood pressure is read 179 ± 15 mm. Tyrode (13.2 mm. Hg), the lowest value 
being 164 mm. and the highest 194 mm. 

3. Several fetuses showed a steady gradual rise in blood pressure during the 
first few minutes and then maintained a level, wth or -without fluctuations, 
sometimes considerably above the initial pressure. In such cases the first 
few minutes were discarded as representing possibl 3 ^ a period of recoveiy from 
manipulation. 

4. In the case of embryos of 15 J daj^s and j'ounger which were separated 
from the uterus the first indication of a level having been reached after the 
bath temperature was raised from 24°C to 37.5°C was taken as the blood pressure 
of the embryo. Since embrjms of 15§- days show fluctuations of only 1.0 mm., 
it was assumed that fluctuations of greater magnitude do not occur in earlier 
periods of gestation. 

The mean pressure was computed for each fetus and for each age group. 
These values are plotted in figure 2 to show the progressive rise in fetal blood 
pressure with age. The highest and lowest values recorded within each age 
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group are shown bj'" bars. In studying this curve it should be recalled that 
there is the possibility of a timing error of six hours or so in the age of the fetus. 

Maternal blood pressure. Determinations of the maternal blood pressure 
were made in order to be sure that the maternal pressure was being maintained 
within noi-mal limits under the conditions of the experiment. The average of 
twenty obseiwations was 129.35 mm. Hg (standard deviation of the distribution 
23.82). Byrorri and Wilson (1938) have reviewed the work on the blood pres- 
sure of the adult rat, the pressure range being from 78 to 154 mm. Hg. There 
was no evident parallelism between fluctuation in maternal and fetal pressures 
in our experiments. ' 

Discussion. Goss (1938) fixes the time for the beginning of circulation at 
“approximately 12 hours beyond the stage of first contraction” which would be 
veiy early in the 10th day; Burlingame and Long (1939) at about 10| da 3 ’-s. 
The blood pressure curve, if extended dovmward, would meet the base line 
(zero pressure) at a point quite in agreement vith these findings (dotted line, 
fig. 2). 

Between the 21st and 22nd da}' (the normal time for parturition) the curve 
levels off rather abruptly. It is felt that perhaps little significance should 
be attached to this deflection, inasmuch as the average for the 22nd da}’’ repre- 
sents only three values. We found difficulty in maintaining the normal pulse 
rate of a 211 da 3 >- fetus in the saline bath for more than a few minutes. More- 
over the attachment of the placenta to the uterus at this age is so extremety 
tenuous that the least disturbance results in complete detachment or serious 
hemorrhage. However one fetus was maintained under satisfactmy conditions 
for 28 minutes and showed at the end of this period the highest pressure re- 
corded for an}’’ age, 214.0 mm. (15.7 mm. Hg).'' It is likely that the average 
given for 2U days, 189 mm. (13.9 mm. Hg), is from 5 to 10 mm. (less than 1.0 
mm. Hg) too low. The only other available estimate of the fetal rat’s blood 
pressure is that of Corej'’ (1932) who gives an average value of 10 mm. Hg 
based upon observation on three litters during the latter half of pregnancy. 

The blood pressure of the fetus at birth (about 14.0 mm. Hg) is considerabl}' 
lower than that of other animals which have been investigated. The blood 
pressure of other animals near teim ranges from 30 to 80 mm. Hg according to 
Barcroft (1936). Perhaps this is due to the immaturity of the rat at birth as 
compared with the cat, dog, guinea pig or sheep. If the rate of increase shown 
by the rat fetus between the 20th and 21st day, 1.3 mm. Hg per day (the 22nd 
day disregarded for reasons mentioned above) were continued after birth the 
adult blood pressure would be attained in a little less than three months. Thei-e 
is, however, no available information on the post-natal rate of increase in blood 
pressure in the rat. 

^ Our own obsen^ations and those of other workers suggest that the fluctua- 
tions in fetal blood pressure recorded during the latter half of pregnancy are 
produced by alternate contractions and relaxations of the uterus. 

Clark (1932) found that adrenaline, pitressin and histamine injected into 
the maternal blood stream of a dog or cat resulted in a trifling rise in fetal 
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blood pressure followed b 3 ^ a prolonged fall. He attributed the decline in pres- 
sure to occlusion of arterioles of the placenta during uterine contraction. 

Likewise in experiments to be described below we found that the injection 
into the maternal blood stream of pressor substances (fig. 4) known to cause 
uterine contraction were followed b 3 ’- sudden and profound falls in fetal blood 
pressure. These substances when injected direc% into the fetal blood stream 
cause a marked rise in fetal blood pressure. 

Structural changes in the heart and blood vessels do not produce any abrupt 
changes in the functional development of the -circulatory system as reflected in 
the rate of increase of blood pressure and pulse rate. With the transition from 
a one to a two chambered ventricle during the sixteenth day there is an accelera- 
tion in the rate of increase in the blood pressure (fig. 2) and the new rate is 
maintained without change through the 20th da 3 ’- (straight segment of the 
curve). With the partitioning of the ventricle into right and left chambers the 
heart becomes functional^ a four-chambered organ although the foramen 
ovale is still patent and aids in the filling of the left atrium. However, the 
augmented rate of increase in blood pressure cannot be attributed to an 3 ’- one 
structural change, radical as it may appear. 

Injections of Renin into the Pregnant Rat and Fetm? An examination of the 
changes in blood pressure of mother and fetus when either of these organisms is 
exposed to renin is of interest for several reasons. In the first place such a 
study should throw light on the transmission across the placenta of this sub- 
stance or its pressor derivatives. Ir\dne Page and 0. M. Helmer (1940) have 
published e^ddence that the pressor action of renin is due to the liberation of 
angiotonin. Amgiotonin, which is a strong pressor, is cr 3 ’^stal]oid and diffusible. 
It might, therefore, be expected to diffuse across the placenta and accumulate 
in sufficient concentration to shoiv its pressor action. In the second place since 
many believe renin to play a part in human hypertension it would be of interest 
to add to the information accumulated from the few cases in which blood pres- 
sure measurements have been recorded from new born infants of hypertensive 
mothers by F, J. Browne and G. H. Dodds (1936). Further, it has been postu- 
lated by Harrison, Grollman and Williams (1940) and denied by Page, Patton 
and Ogden (1941) that the fetal kidney is instrumental in lowering hypertension 
in pregnant animals due to the production of an antipressor substance. If 
this were a specific response of the fetus to maternal hypertension it would seem 
that the pressor substance or a specific derivative of it must be getting into the 
fetal circulation. 

Method. Renin was injected into the jugular vein in the case of the mother. 
Injection into the fetal circulation was accomplished by piercing the catheter 
tubing with a no. 27 hypodermic needle just behind the cannula and then forcing 
the substance into the umbilical arter 3 ’' with the syringe in the manometer 
system. Corresponding amounts of T 3 TOde solution injected into the fetal 
circulation did not affect the blood pressure. Onb’’ fetuses of 17^, 19| and 20| 
days were used in the following experiments. 

- Dr. Irvine Page of the Eli Lilly Laboratories for Clinical Research kindly gave us the 
renin. 
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Normal pressures were recorded from mother and fetus for a period of from 
ten to twenty minutes pi'ior to the first injection of renin. Chance extianeous 
stimnli (e.g.. manipulation of the uterus) caused sudden falls of maternal blood 
pressure from which there was gradual spontaneous recovery; but critical 
examination showed that rises of blood pressure of 5.0 mm. Hg or moie above 
the initial normal level occurred only after the injection of a known pressor 
substance. 

Results. Eight pregnant rats were given one or more injections of renin. 
The doses used ranged from 0.005 to 0.15 cc. With so few experiments and 
with the uncertainty as to whether the progress of pregnancy modified the 
responses to renin it was not possible to relate dosage to effect but the impression 
was gained that the smaller doses were about as effective as larger ones so far as 
the effect on blood pressure was concerned. 

In every case the first injection of renin into the maternal circulation resulted 
in a rise in maternal blood pressure averaging 20.6 mm. Hg. The pressor 
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Fig. 4. Effect on maternal and fetal blood pressure of injection of 0.15 cc. renin into 
maternal blood stream. 


response of the mother characteristically reached a maximum after 90 seconds 
and had largely disappeared within ten minutes. 

In no instance was there a significant rise in fetal blood pressure following 
the injection of renin into the matei-nal blood stream. In onl}" one was there 
any rise at all and this increase was not greater than a normal fluctuation. In 
all other instances the fetal pressure continued to maintain its previous level 
or showed a sudden or gradual decrease, depending upon the dosage. 

An abrnpt fall of 42 mm. Tyrode (3.1 mm. Hg) in fetal blood pressure was 
produced by an unusually large dose (0.15 cc.) to the mother (fig. 4). Doses 
of renin up to 0.04 or less did not produce this effect. 

One rat, in the 21st day of pregnancy, ivas given a series of injections of renin 
over a period of forty minutes in doses of 0.01 or 0.02 cc. for a total of 0.11 cc. 
During this time the maternal blood pre.ssure fluctuated between 140 and 160 
mm. Hg (initial level 130 mm. Hg). The fetal blood pressure fluctuated be- 
tween plus 1.0 and minus 17 mm. in respect to the initial level of 185 mm. 
T.yrodc (13.6 mm. Hg). During the greater part of the period the fetal blood 
pressure was not more than 5.0 mm. below the initial lei^el. At the end of the 
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period the fetus was given an injection of 0.06 cc. of renin which produced a rise 
of 115 mm. (8.5 mm. Hg) aljove the initial level. The maximum pre.ssure of 
300 mm. Tyi'ode (22.1 mm. Hg) was reached fi\’e minute.s after the injection.s. 
The pressure then gradually fell, returning to the initial level one hour and 
thirty-eight minutes after the injection. The maternal blood pressure .showed 
no response to the injection of renin into the fetus. Forty -five minutes after 
the injection of renin into the fetus an injection of 0.05 cc. into the maternal 
circulation produced a rise of 25.0 mm. Hg in the maternal blood pressure but 
produced no interrip^tion in the steady decline in fetal blood pressure. Both 
maternal and fetal blood pres.sure.s were recorded for three hours and fifteen 
minutes in this exiDeriment. Thus the injection of renin into mother and fetus 
seems to produce entireh^ independent results confined to the organism receiving 
the substance and independent of whether the other organism has or has not 
been reccntlj’’ loaded with renin (tachyphylactic state). 

Six fetuses 19| and 20-2- days old were given initial injections of 0.06, 0.06, 
0.06, 0.03, 0.03, 0.015 cc. renin. The resultant rises in fetal blood pressure 
were, re.spectively, 127, 125, 80, 89, 96, 49 mm. Tyrode (9.3, 9.1, 6.3, 6.5, 7.1, 
3.0 mm. Hg). In a seventh fetus, Mh days old, the hrst and second doses of 
0.01 and 0.02 cc. ]:)roduccd no response but a third injection of 0.02 cc. gave a 
rise of 31.0 mm. This is in contrast to one IO-t day fetus that received five 
injections (0.015, 0.015, 0.01, 0.03, 0.02 cc.) in fifteen minutes and failed to 
respond to any but the first (rise of 49 mm. Tyrode). 

It is to be noted that the absolute effective dose per fetus is about the same as 
the absolute effective dose per mother, indicating that the fetus is vastly less 
sensitive to this substance than the mother. Furthermore the 3 mungest fetus 
gave the least resj^onse. 

Of the thirteen injections given to these seven fetuses onlj'^ seven were fol- 
lowed b}’^ changes in maternal blood pressure and these were inconstant in 
direction and negligible in magnitude ( — 2, —3, -1-4, -1-4, —2, —2 mm. Hg). 
Four of the mothers were subsequentb'^ demonstrated to be responsive to renin 
injected into their own circulations and the other two had been previousl}" so 
tested. 

An injection of 0.03 cc. of angiotonin into the blood stream of a pregnant 
rat produced a rise of 35 mm. Hg. During the subsequent four minutes the 
blood pressure of the fetus (20| daj'^s old) fell 72 mm. T 3 ’'rode (5.3 mm. Hg) 
from 197 to 125 mm. 

In another experiment 1.0 cc. of Tyrode solution containing 0.08 cc. of angio- 
tonin was jDerfused into the umbilical arteiy of a 19§ da}'’ fetus over a period of 
twenty minutes. The maternal blood pressure remained constant at 120 mm. 
Hg. Subsequent^ injection of 0.01 cc. of angiotonin into the maternal circula- 
tion gave a rise of 30 mm. Hg. 

Fetal injections of epinephrine. A pregnant rat with an initial blood pre.ssurc 
of 120 mm. Hg was given an injection of 0.02 cc. (1:10,000) of epinephrine 
when the pressure had fallen to 66 mm. Pig, after forty minutes. The maternal 
pressure rose immediatebv to 102 mm. Hg and the fetal pressure which had 
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maintained a level of 175 ± 5 mm. Tj^rode (12.9 mm. Hg) for fifty minutes, fell 
to 150 mm. Tyrode (11.0 mm. Hg). In four minutes the fetal pressure re- 
turned to 176 mm. Tyrode (12.9 mm. Hg) and in six minutes to 180 mm. Tyrode 
(13.2 mm. Hg). 

In another experiment a 191 day fetus responded to 0.02 cc. (1 : 10,000) epineph- 
rine ivith a rise in pressure of 30 mm. Tyrode (2.2 mm. Hg). This fetus, 
whose normal blood pressure level was 172.0 mm. Tyrode (12.6 mm. Hg) had 
shown tachyphylaxis to renin thirty-five minutes previously and at the time of 
the epinephrine injection was maintaining a level of 100.0 mm. Tyrode (7.4 
mm. Hg) following an injection of 0.02 cc. renin to the mother. 

The results obtained in these experiments vdth renin, angiotonin and epineph- 
rine substantiate those of Clark (1932) with pitressin and epinephrine. We 
did not observe the small transitorj’- rise in pressure which preceded the pro- 
nounced fall that is shovm in his records probabl 3 ' because of the fact that we 
did not obtain continuous records of the fetal blood pressure. 

CONCLUSIONS 

1. Injection of an effective dose of renin into the blood stream of rats in late 
pregnancy does not affect the fetal blood pressure. Injection of even larger 
doses of renin, angiotonin and adrenaline into the maternal bloodstream cause 
a profound fall in fetal blood pressure. Recoveiy is slow and incomplete. 

2. Injections of renin, angiotonin and adrenahne into the fetal blood stream 
cause a pronounced rise in fetal blood pressure. 

3. With renin, tachyphjdaxis was demonstrated in both mother and fetus 
independently but was not transferred from one to the other. 

4. Injections of renin and angiotonin large enough to raise the maternal blood 
pressure when injected directlj’’ into the maternal circulation, fail to do so if 
injected into the fetal circulation. 

5. The fetus is veiy much less responsive to renin, angiotonin and epinephrine 
than the mother. 

Discussion. It seems likely that renin is not a small enough particle to pass 
across the placenta. This might be expected from what is known of its molecu- 
lar size. If, however, renin activity is dependent upon the. liberation of angio- 
tonin we must conclude that angiotonin also fails to pass the placenta, or if it 
passes at all that there is enough delaj’- in its passage to prevent its accumulating 
in effective concentrations on the other side of the placenta. This is further 
supported by the experiments in which angiotonin was injected. 

These concepts must be kept in mind when attempting to attribute the alleged 
(Harrison, Grollman and Williams, 1940) antihj^pertensive effect of pregnancy 
to the activity of the fetal kidney. For it is difficult to postulate a mechanism 
whereby the fetal kidney could take part in a compensatorj^ adaptation to a 
substance whose effects do not appear to reach it. This work offers some sup- 
port to the suggestion of Patton, Page and Ogden (1941) that the antihjTper- 
tensive effect of pregnancy in the rat is dependent rather upon the maternal 
changes of pregnancj'- than upon the fetus. 
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There are some indications in the literature that changes in pulmonary 
ventilation may modify the action of adrenaline. For instance, it has been 
established that the hyperglycemic effect of adrenaline may be decreased, or 
even reversed, by hyperventilation. The effect of adrenaline on blood pressure, 
under varied conditions of respiration, has received much less notice. Balint 
and Goldschmidt (1) have shown that in children hyperventilation greatly 
reduces the rise of blood pressure caused by the intravenous injection of 
adrenaline. This observation was, in the main, confirmed by Brehme and 
Popovicin (2). Duzdr and Fritz (3), however, who investigated the effect of 
hyperventilation in cats, came to the opposite conclusion, namely, that it in- 
creases the pressor action of adrenaline. The last mentioned authors have 
also noted that reduction of ventilation brings about diminution of the effect of 
adrenaline. 

The problem is of interest as, besides ordinary changes of respiration which 
occur throughout life, it is known that in cases of administration of adrenal 
extracts, or adrenaline, there occur marked reflex changes in respiration which, 
in turn, may modify the pressor action of these substances. 

Consequently, further investigation seemed warranted, and this paper pre- 
sents the results of a systematic study of the effects of variations in ventilation 
on the pressor action of adrenaline. 

Methods. Spinal cats under artificial respiration were used. In the majority 
of the experiments, the Palmer pump was kept at a frequency of 20 to 40 strokes 
per minute, the variations in ventilation being controlled by the extent of the 
stroke. Occasionally, in order to produce maximal hyperventilation, both depth 
and frequency of the strokes were increased. 

Adrenaline hydrochloride (Parke, Davis & Co.) in a 1:20,000 solution was 
introduced into the femoral vein. The doses used were small (0.2 cc, per in- 
jection) so as not to cause a maximal rise of blood pressure. The injections 
were given at regular intervals (Elliott’s technique (4) (5)). For reasons men- 
tioned in the text, two successive injections of adrenaline were given with an 
inteival of 1 to 1| minutes between them; 10 to 15 minutes were allowed to 
elapse before the next two injections. 

Blood pressure records were made from the carotid or femoral artery. In 
experiments in which the blood gases were analj’-zed, 3 cc. samples of arterial 

I Withdrawn from publication on December 20, 1940 at the request of the Royal Canadian 
Air Forc^Associate Committee on Aviation Medical Research, National Research Council 
of Canada, and released for publication bj” them on May 7, 1942. 
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blood were wdtbdra^Mi under paraffin 3 minutes after the second injection of 
adrenaline. The determination of the blood gases and of the haemoglobin 
content of the blood was made by the Van Slyke-Neill methods (6). 

Various conditions of ventilation are referred to in the text: thus “minimal 
ventilation” designates the least possible amount necessary to maintain an 
animal alive over a considerable period of time. Blood gases were: O 2 content 
from 4.6 to 8.8 vol. per cent; CO 2 from 45.2 to 55.9 vol. per cent in different 
experiments. 

By true “hj’^poventilation” is meant a state of gradually progressing asphjoda- 
tion vith a progressive fall of O 2 content of the blood and a rise of CO 2 , resulting 
in convulsions and death of the animals. The term “optimal ventilation” is 
appfied to a state of optimal aeration, the O 2 content of the blood reaching its 
highest level of from 13.4 vol. per cent to 14.5 vol. per cent, and the CO 2 varying 
from 35.2 to 42.6 vol. per cent. 

A further increase of aeration is referred to as “hyperventilation” of various 
degrees, characterized by constant values for the O 2 content of the blood (around 
14 vol. per cent), but progressive diminution of the CO 2 . 

Results. The effect of changes in ventilation on the pressor action of adren- 
aline was observed in more than 30 experiments. Determination of the amounts 
of gases in the arterial blood, along vith records of blood pressure and artificial 
respiration, was made in 8 experiments. A typical experiment of that kind is 
presented in table 1. 

From this experiment it may be deduced that, in order that adrenaline may 
exert its maximal effect, both O 2 and CO 2 must be present in the blood in ap- 
propriate amounts. Within the range of “optimal ventilation,” during which 
the rises of blood pressure due to adrenaline were greatest, and the augmented 
effect of the second injection was most pronounced (fig. Al), the O 2 of the blood 
remained at a constant level (around 14 vol. per cent), and the slight variations 
in the adrenaline effect were apparently caused by changes in the CO 2 content 
of the blood, which varied from 42.6 vol. per cent to 35.2 vol. per cent. 

In the ease of “minimal ventilation,” two successive injections of adrenaline 
always evoked small and equal rises of blood pressure (fig. A2). The O 2 content 
of the blood, "with this degree of ventilation, was low and ranged between 4.9 vol. 
per cent and 7.2 vol. per cent; in all the experiments performed similar results 
were obtained. The CO 2 content of the blood was high and showed considerable 
variation from animal to animal, ranging from 45.2 vol. per cent to 55.9 vol. 
per cent. 

“Hyper\’’entilation” also caused a decline in the effect of adrenaline, which 
became obvious when the COo content of the blood fell below 35 vol. per cent, 
the O 2 values remaining fairly constant — around 14 vol. per cent. As shown in 
the experiment presented in tabular form, when the CO 2 content of the blood 
dropped to 27 vol. per cent, convulsions occurred, and the effect of adrenaline 
applied after cessation of the convulsive seizure was greatly reduced (fig. A3). 
Resumption of optimal ventilation restored the efficacy of adrenaline coinci- 
dentally vfith the increase of CO 2 in the blood. 
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In many experiments the effects of these variations of artificial respiration 
could be repeated several times. During the progress of an experiment the 
haemoglobin content of the blood often fell and the general condition of the 
animal became poor towards the end. 

If hyperventilation was continued over a prolonged period of time irreparable 
damage occurred after which further changes of ventilation remained ineffective. 

In figures B, C and D, a typical result of such a prolonged hyperventilation 
is shown. Complete cessation of the convulsions and permanent disappearance 


TABLE 1 


Blood gases in varioxis slates of ventilation 


NO. OF 

VENTILATION 

BLOOD 

GASES 

BLOOD 

SAMPLE 

CO; 

Ch 




vol. p. c. 

rol. p. c. 

1 

“Minimal ventilation” (cf. ti'acing fig. A2) | 

45.2 

5.7 

2 \ 

3 I 

4 

1 Range of “optimal ventilation” (cf. tracing fig. Al) 

1 42.6 
\ 35.2 

14.2 

14.5 

j “Slight hyperventilation:” effect of adrenaline on blood 

32.3 

14.2 


pressure is less pronounced than under optimal 
ventilation 

j 


5 

“Optimal ventilation” repeated: full effect of adrena- 

37.0 

14.3 


line restored 



6 

“Minimal ventilation” repeated 

“Optimal ventilation” repeated: full effect of adrena- 

48.6 

7.2 


line restored 

(Blood sample not taken) 



7 

Hyperventilation to conclusive level (cf. tracing fig. 
A3) 

“Optimal ventilation” repeated: full effect of adrena- 

27.0 

13.7 


line restored 

(Blood sample not taken) 




HEMO- 
GLOBIN, 
C./lOO CC. 
OF BLOOD 


UA 


11.7 


10. s 


10.0 


Experiment. November 17. Two successive injections of 0.01 mgm. adrenaline given 
every 10 min. and artificial respiration gradually adjusted to the desired levels. Blood 
samples taken from the carotid artery 3 min. after the 2nd of each 2 injections of adrenaline 
at the time when the effect of ventilation on the action of adrenaline was typical. (Trac- 
ings of the blood pressure changesare not presented for this experiment, as they are similar 
to the ones shown in fig. A.) 


of all reflexes occuri-ed after 23 minutes of hyperventilation. The coupled 
injections of adrenaline administered at that time produced equal, although 
greatly reduced, rises in blood pressure (fig. IB). After If hours’ rest, under 
“optimal ventilation,” the injections of adrenaline were repeated. The rises of 
blood pressure were still slight, with little difference between the first and .second 
injections, and readjustment of the artificial respiration to the minimal and 
optimal levels had no effect (fig. 1C and D). 

The loss of reflexes, which was noted after prolonged hypei-ventilation suo-- 
gested the possiliility that the varying effects of adrenaline might in some w.^^ 
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be associated Avith the condition of the signal centres. Destruction of the 
spinal cord by pithing, or disconnection of the spinal sympathetic centres from 
the periphery by means of bilateral removal of the sympathetic chains was 


SK 



imiiiEtvi n u u \ w rniiiiiii 


Fig. 1. Expt. Nov. 18. Spinal cat. A — Effects of variations in artificial respiration 
on the pre.ssor action of 2 successive closes of 0.01 mgm. of adrenaline: 1. Optimal ventila- 
tion. 2. Minimal ventilation. 3. Hyperventilation to convulsive level. 

B, C and D — Effect of prolonged hyperventilation: B — After 23 minutes of hyperven- 
tilation. C and D — Optimal and minimal ventilation repeated after prolonged hyper- 
ventilation had caused permanent disappearance of all reflexes. (Effect of pithing of the 
spinal cord is identical with these tracings obtained after hyperventilation.) 

(Abbreviations: B.P . — Blood pressure. (Figures over the blood pressure tracings in- 
dicate the height of same in millimeter of mercury.) 0 — Base line; each two dashes on it 
show the duration of the intravenous injection of 0.01 mgm. of adrenaline which was timed). 


tried. The sensitivitj^ of the preparation to adrenaline decreased markedly 
after these procedures, and the rises of blood pressure caused by adrenaline 
remained unaltered by changes in the artificial respiration. (Tracings not pm- 
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sented, as they closely resemble the effect of prolonged hyperventilation shown 
in the figure.) Lowering of the systemic blood pressure to 35-40 mm. Hg by 
bleeding, adrenalectomy or histamine also decreased the sensitivity of the prepa- 
rations to adrenaline. However, changes in ventilation were still effective in 
these experiments, and only large doses of histamine decreased theii effective 
ness. Reintroduction of citrated blood, in the case of bleeding, restored the full 
effect of adrenaline. 

Control experiments were performed in order to exclude the mechanical effects 
of 'readjusting the rate and volume of artificial respiration. The movements of 
the pump were kept unaltered, the “dead space” being changed according to 
the technique of McDowell (7). The results of adrenaline injections in these 
experiments were similar to those obtained when the respiratory movements 
were modified. Controls were also carried out in which anesthetized animals 
were placed into a decompression chamber and the effectiveness of adrenahne 
studied under conditions of breathing in ratified atmospheres. The effect of 
adrenaline was maximal at ground level and decreased markedly between 10,000 
and 20,000 feet above sea level. Administration of oxygen promptly restored 
the effectiveness of the adrenaline. 

Discussion. It is evident from the above results that both h 3 ’-po- and hj’-per- 
ventilation can decrease markedly the pressor action of adrenaline. As regards 
hypoventilation, tliis conclusion is in agreement vith the observation of Duzar 
and Fritz (3). These investigators, however, were led to believe that hj'-per- 
ventilation increases the effectiveness of adrenahne, whereas the findings pre- 
sented here are in accord with the results of Bahnt and Goldschmidt (1) and 
Brehme and Popovicin (2), who hold that hyperventilation diminishes the 
action of adrenaline. It is difficult to account for this discrepancy. In the 
present investigation, only 2 out of 18 expeiiments involving hyperventilation 
showed that this type of ventilation exerted any beneficial effects on the action 
of adrenahne. In both these cases the animals were in poor condition, the cir- 
culation was faihng and, consequently, the results could not be considered 
typical. On the other hand, Duzar and Fritz used doses of adrenahne ten times 
as large as those employed in the present studj'-: thus the conditions in these 
two sets of experiments are hardly comparable. It seems hkelj'' that Duzar 
and Fritz were dealing Mth maximal rises of blood pressure at the beginning. 
It is conceivable that, under such conditions, the level to which the blood pres- 
sure maj’- rise under the influence of an excessive dose of adrenaline might be 
affected by h3q)erventilation in quite a different way. 

Balint and Goldschmidt, as well as Duzar and Fritz, contend that the effect 
produced on the pressor action of adrenaline by changes of ventilation is the 
result of the direct interaction between the altered milieu and that substance. 

In the course of this work it was found that loss of blood, histamine, 
adrenalectomy, pithmg and removal, of the sjmpathetic chains caused a marked 
diminution of the effectiveness of small doses of adrenaline, as well as changes 
in v entilation. A common feature in all these experiments is a decline of the 
arterial blood pressure, and it seems likely that a redistribution of blood in the 
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circulatory system, which results in a diminished venous return, and consequent 
reduction of the amount of blood in the arteries, is responsible for the decrease 
of the effectiveness of adrenaline. The fact that introduction of blood, or 
Ringer-Locke solution, into the femoral vein, restored the response of the prepa- 
ration to adrenaline in many of the experiments, favors this supposition. 

Henderson (8) and Henderson and Harvey (9) claim, in relation to shock, that 
changes in the CO 2 content of the blood affect a venopressor mechanism, which 
controls the flow of venous blood. The effectiveness of adrenaline, in those 
of our experiments which involved changes in ventilation, was closely associated 
wth the level of the CO 2 and O 2 in the blood, and it is possible that a phenome- 
non, related to the one suggested by Henderson, is responsible for variations 
in the action of adi-enaline. 

However, as the destruction of the spinal cord and other procedures caused a 
drop in the sensitivity of the preparation to adrenaline, without any changes in 
the content of gases in the blood, other possibilities, particularly the ones sug- 
gested as factors in shock, should be kept in mind. A review of this subject has 
recently been made by Moon (10). Another important matter, which might 
have beaiing on the problem, is the state of the vasomotor system in anoxia 
and asphyxia; this was fully discussed in a publication by Gellhorn and 
Lambert (11). 

One more point deserves mention, i.e., the result produced when one injection 
of adrenaline is followed by another at a short interval. In the case of optimal 
ventilation, the second injection of that substance always produces a greater 
rise of blood pressure than the first. That this is a true augmented effect may 
be judged from several experiments in which the fall of the blood pressure after 
the initial rise was so rapid that at the beginning of the second injection the 
blood pressure was at, or below, the resting level. This augmented effect may 
reasonably be attributed to raised excitability of the neurpmuscular apparatus 
of the circulatory system, caused by the first dose of adrenaline. In conditions 
of reduced ventilation, this augmented effect might be counterbalanced b}’’ 
delayed recovery of the contractile elements from fatigue due to anoxemia, 
which would bring about an equalization of the two rises of blood pressure or 
overswing of the first. However, much more complicated relations may actually 
exist, and this explanation is merely offered tentatively. 

SUMMARY 

1. In spinal cats, variation in pulmonary ventilation alters markedly the 
pressor action of small doses of adrenaline. With both hj'^po- and hyperventila- 
tion, the rises of blood pressure induced by adrenaline are smaller than when 
ventilation is normal. 

2. Bleeding, histamine, adrenalectomj’’, damage of the spinal cord or bilateral 
removal of the sympathetic chain result also in reduction of the sensitivit}’’ of 
the preparation to small doses of adrenaline. 

3. Prolonged hyperventilation or destruction of the spinal cord abolishes the 
effects of changes in ventilation on the action of the small doses of adrenaline. 
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Total insensible perspiration or insensible loss is the weight lost from the body 
by evaporation of water from the skin and the respiratoiy passages and by 
volatilization of carbon dioxide in excess of oxygen absorbed. Of the com- 
ponents which make up insensible perspiration, that contributed by water loss 
through the skin is perhaps least understood. Wliere does cutaneous insensible 
perspiration arise? Does sweat secretion participate in insensible perspiration; 
in other words, do the sweat glands secrete constantly, or only in emergency? 
Aside from the sweat glands, opinions have differed as to the mode of transfer 
of water through the rest of the skin; transfer might be either secretory or 
evaporative. 

The experiments reported here were designed to determine whether secretion 
.by sweat glands contributes to cutaneous insensible perspiration, and to evaluate 
physiological and environmental factors that have been supposed to affect 
cutaneous insensible perspiration. It was conceived that the cutaneous in- 
sensible loss might be related to only two variables, namely, cutaneous surface 
temperature and atmospheric vapor tension. 

Methods. For the collection of moisture emanating from a local skin area, a 
capsule covering a small area, similar to the one described by Kuno (1927), was 
employed. Skin temperature beneath the capsule was measured b5’' a thermo- 
couple built into it. Dried and metered air was drawn through the capsule and 
then through a weighed flask that retained the moisture in concentrated sulfuric 
acid. 

A bellows-type dry meter (fig. 1) indicated the volume flow of air to within 2 per cent. 

A and were 500 ml. drying bottles filled with pumice-stone saturated ndth sulfuric acid. 

B was a hemispherical glass capsule with a volume of approximately 60 ml. that covered 
an area of skin, S, of about 20 cm-. Perforated glass bulbs, X and Xi, diffused and mixed 
the air as it flowed through the capsule. C and C* were copper and constantan wires passing 
to two thermojunctions for measuring the skin temperature and the air temperature be- 
neath the capsule. A D'Arsonval galvanometer measured the electromotive force between 
the thermojunctions and their mates at a known temperature in a thermos bottle. F and 
F^ were 60 ml. Erlenmeyer flasks filled \vith pumice-stone saturated with sulfuric acid for 
collecting the moisture picked up from the skin beneath the capsule. Many such flasks 
were placed successively in the circuit for 10-minute intervals, each being weighed before 
and after. A water manometer, M, recorded the pressure; —20 mm. of water gave a flow of 
250 ml. of air per minute. L was a 20-liter carboy serving as an air reservoir to smooth out 
the rapid, short-period fluctuations in the suction from the negative pressure tap, so that 
a steady air flow was obtained. The air flow was varied by adjusting the tube E at any 


* Aided by a grant from the Fluid Research Fund of this School. 
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desired level below tbe surface of the oil in bottle H. Steady rates of air flow between 10 
and 1000 ml. per minute were thus obtained. For observations of insensible perspiration 
where the amount of moisture collected did not exceed 0.6 mgm. per minute the rate of air 
flow was adjusted to 100-150 ml. per minute; the air emerging from the capsule was then 
less than 20 per cent saturated with water vapor. To dry the rubber tubing a slow stream 
of dry air was kept fioudng through the system over night before each test. 

Tests with a second flask for absorbing moisture showed that no detectable amount of 
vapor (< 3 per cent, at the basal rate) escaped absorption by the first flask. The accuracy 
obtained by the present method appears to be equal to that reported by Nemnann et al. 
(1941). A duplicate of the system shown in figure 1 made possible simultaneous measure- 
ments on two areas. 

Heavy dark stopcock grease sealed the capsule to the skin without pressing 
enough to blanch it, and spread outward for approximately 2 cm. The grease 
prevented evaporation from the small area it covered around the capsule, making 
possible the visual detection of even very small droplets of sweat at the pores 



Fig. 1. Diagram of apparatus for measurements of rate of local cutaneous perspiration 
and of surface temperature. See text for explanation. 

under it. The. sensitivity of this test of sweat gland activity wall be indicated 
later. 

The subjects, clothed only in shorts, reclined on a bed. The room tempera- 
ture was 28°C. ± 1°C., except where the procedure of the experiment called for 
alterations in the room temperature. A period of one-half to one hour on the 
bed was allow^ed before obseiwations w^ere begun. 

■inhibition of the sweat glands and its consequences. Do sweat glands contribute 
to the evaporation observed on normal body areas under the conditions pre- 
scribed above? The plan was to determine simultaneously the rates of evapora- 
tion on two sjunmetrical body areas, then to disable the sweat glands on one of 
these areas, and to compare the rates of evaporation on the two areas before and 
after the one w^as disabled. 

To incapacitate the sweat glands, the formaldehyde procedure described bj’’ 
Ichihashi (1936) and Kuno and Ichihashi (1937) was used. A 45 sq. cm. circular 
piece of blotting paper saturated with 5 per cent formaldehyde was placed on the 
area selected, and covered noth a copper anode of similar shape and size. An 
indifferent cathode was put elsewhere on the body and a direct current of ap- 
pro.ximately 0.3 milliampere per cm.^ of anode flowed for 10 to 15 minutes. This 
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pioceduie, when I'epeated three times at intervals of 2 or 3 days, completely in- 
capacitated the sweat glands on the cataphorized area for a period of 2 to 4 weeks. ' 
Ichiliashi (1936) and Abramson and Gorin (1940) showed that the sweat glands 
were probably the chief paths of the cataphoretic current, t 
Pi oof of the disabilit 3 '’ of the sweat glands in treated areas is furnished in 
figures 2 and 3. The subject was made to sweat profusely on the general body 
surface bj'’ radiations from a 630-watt electric heater mounted in an ordinaiy 
copper parabohc reflector suspended 125 cm. above his bed. Previous to the 
eataphoresis this treatment produced profuse sweating on both legs, whereas 
after eataphoresis the treated area of the right leg showed no sweat gland 
activity with the same stimulus, for no sweat droplets could be seen beneath the 
grease surrounding the capsule and no significant increase in the amount of 



Fig. 2. Responses of skin cataphorized with formaldehyde and of normal skin to local 
direct radiant heat. The right leg was cataphorized for 10 minutes each day on October 
30, November 2, 4, and 6 with 5 per cent formaldehyde beneath the anode at 0.3 milliampcre 
per sq. cm. 

evaporation from the cataphorized area occurred (fig. 3). The small increase 
in moisture collected from the cataphorized area during the heating shown^ 
figure 2 results from the increase in skin temperature. This will be discussed 
below. 

Since the rate of insensible perspiration on the cataphorized area, previous to 
heating, is no less in general than the rate on the sj’^mmetrical non-cataphorized 
area, it appears that, in- the pre-heating stage, activities of sweat glands were 
contributing nothing to the moisture evaporated from the normal area. 

eataphoresis was carried out in a similar manner on four other subjects and 
in no instance was insensible perspiration from a cataphorized area significantly 
decreased thereafter. This was tine on arm and chest areas as well as on the 
legs. ■V\^nle on five of the seven areas cataphorized the rate of insensible per- 
spiration was not significantly altered by the eataphoresis, on two areas where 
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the cataphoresis was applied more intensely, ie., by longer applications at 
shorter intervals, the basal rate of insensible perspiration increased 2 to 3 fold 
after the treatment although the sweat glands had been definitely disabled. 
These areas appeared scaly, dry, and irritated, and showed signs of desquamation 
of the epidermis, in contrast to the less intensely cataphorized areas which ap- 
peared like normal skin. The augmented rates of insensible perspiration noted 
on the scaly areas may possibly be due to the greater ease with which water vapor 
might escape through the injured skin, or to some increase in activity taking 
place in replacing the desquamating epidermis. Its temperature did not differ 
from that of the symmetrical area. Whatever be the cause of this increase in 
evaporation, the increment of insensible water loss with change of surface tem- 
perature on this area is the same as that upon normal areas of skin. 



Fig. 3. Response of skin area on leg to radiation on trunk before and after cataphoresis 
with formaldehyde. The right leg was cataphorized for 8 minutes each da 3 ’’ on August 5, 
7, and 11, with 5 per cent formaldelwde at 0.2 ma. per. sq. cm. 


The relation of skin temperature to cutaneous insensible perspiration. Wfith 
the sweat glands disabled liy cataphoresis as described above, it is possible to 
study the insensible perspiration over a wide range of skin temperatures without 
fear of sweat secretion complicating the results obtained. The disability is 
particularly useful at skin temperatures above 36°C., where sweating almost al- 
waj^s interferes with measurement of insensible perspiration on normal skin areas. 

Skin temperatures were raised by direct radiation of the areas with the electric 
heater.^ The theimocouple which measured temperature beneath the capsule 
was slii elded fiom direct radiation from the heater by the opaque mountings 
wiiich held the thermocouple in the capsule. The changes produced by this 
procedure are exemplified in figure 2. Skin temperatures in other tests were 
lowered by exposing the subject to a cold room temperature. 

Figui e 4^ shows the results obtained in a series of experiments in each of two 
subjects, simultaneous measurements being made on .the normal and on the 
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Cutaneous PcRSf>iftATioN Rate m Mew. per Square Cm per Minute 



Cutaneous Perspiration Rate im Mcm per Square Cm. per Minute 


Fig. 4. Relationship between insensible perspiration and surface temperature. Solid 
dots, cataphorized skin area where sweat glands were disabled. Circles, normal skin area 
without visible sweating. Squares enclosing circles, normal skin area, but during col- 
eetion active sweat glands were noted. 

cataphorized areas. In the latter the rate of insensible perspiration increased 
with increase in skin temperature from 25° to 39°C. The increment is such that 
the insensible perspiration rate is approximately doubled by a 10°C. increase of 
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skin temperature. The same increment prevailed in normal skin areas, except 
that when a surface temperature of 34° to 36°C. was reached the sweat glands 
became active, enormously increasing the rate of evaporation by their secretions. 

The sensitivity of the test used (grease over skin) for detection of sweat gland 
activity is indicated by the plotted data (fig. 4) which show what exceedingly 
small increments in evaporation rate could be attributed to sweat secretion as 
judged by the method used for its detection. In general a rate of sweating ca- 
pable of increasing the evaporation only 0.02 mgm. per cm.^ per minute could be 
detected by the droplets of sweat foiming beneath the grease outside the capsule 
within the 10-minute period of collection. 

The fact that the scatter of points (open' circles) about the curve for the mean 
insensible perspiration on the normal area is not much greater than the scatter 
about the mean on the cataphorized area, and the fact that the two mean curves 
are quite similar, support the inference that sweat glands on the normal area, as 
on the cataphorized area, contribute nothing to the evaporation under normal 
conditions, and wherever the perspiration appears to be insensible as judged by 
the test used. 

It has been noted that in spite of a marked difference in rates of evaporation 
on cataphorized areas and on normal areas during radiation, there is little dif- 
ference between the surface temperatures on such areas. This is true whether 
the areas are being radiated directly (fig. 2) or the radiation is directed at some 
other body area (fig. 3). It might have been expected that an area on which 
sweating was inhibited would show a somewhat higher temperature than a 
similar normal area which was being cooled as a result of evaporation of sweat 
in more or less profuse quantities. Evidently a differential transport of heat by 
the blood compensates for the differences of cooling by evaporation. 

The relation of 'peripheral blood flow to cutaneous insensible perspiration. Al- 
terations in peripheral blood flow were induced by subcutaneous injection of 
drugs, histamine for vasodilatation and pituitrin for vasoconstriction, a few 
centimeters distal to the capsules from which collections were being made. No 
significant change in the rate of insensible perspiration followed, although altera- 
tions in skin temperatures, sometimes as great as 0.8°C., indicated that the 
desired variations in peripheral blood flow were being obtained. Figure 5 is 
typical of the responses to histamine injection. In some cases the pain incident 
to the injection resulted in an outbreak of sweat secretion on the non-cata- 
phorized area and a consequent transient increase in evaporation from that area. 

Blood flow was mechanically obstructed either partially or completely in the 
arm, by pressure applied in a sphygmomanometer cuff around it (fig. 6). Com- 
plete occlusion was produced either by increasing the pressure slowly, in which 
case the arm was engorged with blood, or by introducing air suddenly into the 
occluding cuff, in which case the arm contained approximately the usual amount 
of blood. Partial obstruction resulted when the pressure in the cuff was raised 
only to a point below systolic arterial pressure so that some blood still flowed 
into rile aim. In eleven experiments on four subjects the rate of insensible 
peispiiation from an aim was not significantly altered either during or after 20 
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minutes of partial or complete occlusion. In one experiment where slight 
sweating prevailed previous to the occlusion it was noted that the sweating 
stopped when the blood flow through the arm was halted. A normal rate of 



Fig. 5. Responses of surface temperature and of cutaneous insensible perspiration to 
local injections. One milliliter of 0.8 per cent sodium chloride solution was injected 
subcutaneously in upper left arm at the first arrow. Four tenths milliliter of 1 : 1000 hista- 
mine chloride solution was injected subcutaneously in each arm approximately 2 cm. distal 
to each capsule at the second arrow. The flare resulting from the injection spread beneath 
each capsule. 

Fig. 6. Responses of skin temperature and of cutaneous insensible perspiration to partial 
and complete occlusion. The 89 mm. of mercury pressure did not completelj’’ obliterate the 
pulse at the wrist; the 146 mm. Hg pressure obliterated the pulse. 

Fig. 7. Response of cutaneous insensible perspiration to altered rate of air flow through 
the capsule covering a portion of skin. The geometrical areas designated A, B and C are 
used in calculations made in table 3. 

Fig. 8. Effect of interrupting air flow through the capsule upon cutaneous insensible 
perspiration. The double arrow designates the 30-minute period during which the air 
flow was stopped in the capsule on the left arm. The average rate of cutaneous insensible 
loss for the 40-minute period is also shown (hatched). This area is constructed to equal 
the stippled area. 

insensible perspiration was maintained during and after the occlusion. In two 
experiments the pain attending readmittance of the blood into the occluded 
arm was accompanied by the appearance of visible perspiration on the whole 
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body, with consequent increased evaporation from the area of collection on 
the arm. When the occluding pressure was released slowly over a period ol 
1 to 2 minutes, much of the pain encountered during the readmittance of the 

blood flow was avoided. 


TABLE 1 


Effect of altered rates of air flow through the capsule upon cutaneous insensible perspiration 


1 

2 

3 

4 

s 

6 

7 

s 

9 

SUBJECT 

DATE 

POOit 

TEMP. 

BATE OF 
AIB PLOW 

DX7RATION 
OP PLOW 

VAPOR 

PRES. 

DIFFERENCE 

diminution 
IN CUTANE- 
OUS INSENS, 
PERSP. 
RATE 

DIMINUTION IN CUXAN. 
INSENS. PERSP. 
COLLECTED 

Mgm. 

(A - B)« 

Per cent 
(A - B)* 
(A-f-C) 



‘C. 

ml./min. 

. min. 

mm. Hg 




A.B. 

I 9/7/38 1 

24 

110 1 

30 

32.2 







45 

60 

28.3 

11% 

1.7 

9 




110 

30 

32.2 




A. B. 

9/8/38 

24 

110 

30 

33.4 







38 

60 

28.6 

14% 

1.9 

11 




no 

30 

33.4 




A.B. 

9/9/38 

24 

no 

40 

32.3 







31 

60 

26.0 

16% 

2.2 

12 




no 

30 

32.3 




A. B. 

9/3/38 

24 

no 

30 

31.6 







81 

30 

30.9 

9% 

J 3.2 

14 




35 

40 

27.3 

18% 





no 

30 

31.6 





Column 6 shows the vapor pressure difference existing between body fluids at the re- 
corded skin temperature and air emerging from the capsule. 

Column 7 shows the per cent diminution in the cutaneous insensible perspiration rate 
during the last lO-minute period of the diminished air flow, considering the insensible 
perspiration rate at 110 ml./min. flow to be 100 per cent. 

Column 8 shows the diminution in the amount of cutaneous insensible perspiration 
collected from a 16 cm.- area of the skin as a result of the period of diminished air flow. 
* The letters in parenthesis at the head of columns 8 and 9 refer to areas designated in 
figure 7. 

The relation of vapor tension to cutaneous insensible perspiration. effect 

has the vapor tension of the air over a local skin area on the insensible perspira- 
tion rate from that area? In so far as insensible perspiration may be a physical 
process of diffusion of water vapor through the skin, an increase in vapor tension 
in the outside air might be expected to slow the rate of transfer of water through 
the skin. 

In the experiments reported here the rate of flow of di^^ air through the capsule 
v as varied, so that the vapor tension of the air in the capsule and emerging from 
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the capsule was altered in accordance with the rate of air flow and the amount 
of moisture picked up in the capsule. Sometimes the air flow was stopped for 
a time. Since in these tests the effect of change of vapor tension cannot be 
divorced from the effect of change in the rate of air flow, both must be considered 
in any conclusions that are drawn with regard to alterations in insensible per- 
spiration. 

Figure 7 exemplifies the results obtained when the rate of dry air flow through 
the capsule was decreased and later restored to the original rate. A decrease in 
the rate of air flow reduced the apparent rate of insensible perspiration. This 
reduction was most marked during the first period of the decreased flow, and 
although the insensible perspiration increased in subsequent periods of the con- 
tinuing slow air flow, it never quite reached the level attained with the more 
rapid flow. When the air flow was restored to its initial rate a washing out of 
moisture seemed to occur. Calculations reveal that all of the moisture washed 
out could not have come from stagnant air in the capsule, and hence some 
emerged from the skin. Possibly the water level in the skin moved nearer to 
the surface during the periods of reduced air flow and then receded to its initial 
level upon restoration of the initial air flow. The total excess of moisture re- 
moved upon restoration of the initial rate of air flow was not sufficient to account 
for all the deficit noted during the periods of reduced air flow (table 1). This 
means that the rate of insensible perspiration was reduced by the slower rate of 
air flow and the higher vapor tension accompanying it. 

The effects obtained bj”- stopping the air flow for a time may be seen in figure 
8. The amount of moisture washed out upon resumption of air flow is less than 
the amount which would have come out during the whole period had the air flow 
not been changed (3 expts.). While it is clear that insensible perspiration is 
decreased by a higher exterior vapor tension, the data can hardlj’’ be relied on to 
indicate the quantitative extent of the decrease. 

Discussion. Experiments of Kuno and Ichiliashi (1937) support the evidence 
presented here that areas of the skin subjected to repetitive cataphoresis vdth 
formaldehyde suffer, for several weeks, complete suppression of sweat secretion 
in response to heat. That the insensible perspiration is not diminished by this 
suppression of sweat secretion is clearly indicated by our data; and together the 
facts seem to justify the inference that no part of the insensible perspiration of 
normal skin is secreted by sweat glands. Among the modes by which water goes 
through the skin, fluid might move from the interstitial spaces into the sweat 
ducts and thus pass through the epidermis by way of the sweat ducts. This 
possibility seems unlikely in view of our failure to detect anj'' fluid at the sweat 
pores during insensible perspiration vuth the method used, although the method 
was sufficiently delicate to detect droplets at the pores within 10 minutes when 
sweating was so slight as to increase the evaporation rate only 0.02 mgm. per sq. 
cm. per minute. Detection of such fluid at the pores seems assured, if it were 
present, for none evaporates under the grease and consequently it accumulates 
over a period of 1 to 2 hours. That sweat glands and sweat ducts are not essen- 
tial to insensible perspiration has also been demonstrated by Loewy and Wechsel- 
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mann (1911) and Richardson (1926) who found that the normal rate of cutaneous 
insensible perspiration prevailed in three persons suffering from congenital ab- 
sence of sweat glands. 

That the rate of cutaneous insensible perspiration is conditioned by the 
temperature of the skin has been inferred by many investigators. Erismann 
(1875) studied evaporation through dead skin covering water or senim. He 
found the rate of evaporation to be approximately doubled wdth a temperature 
increase of 10°C. This is comparable to the results obtained with normal skin 
in our experiments. It was Loewy and Wechselmann’s opinion that the insensi- 
ble perspiration was proportional to changes in skin temperature resulting from 
any cause, and that the reduced evaporation rates which they found on venous 
obstruction and occlusion could be attributed to lowered skin temperatures, 
lores (1930) and others conclude that circulatory variations have no influence 
on insensible perspiration. Some observers, as Kuno, have noted reductions in 
rates of evaporation after obstruction of the blood flow which were believed to 
be too great to be accounted for by the change of skin temperature recorded. 
No alteration in insensible perspiration occurred in the present tests, during 
occlusion or other alteration of blood flow, which cannot easily be explained by 
skin temperature changes. However, it was noted that if slight sweating is 
prevalent on an arm previous to occlusion, the occlusion will stop the sweating 
on that arm and the evaporation rate will be reduced considerably thereby. 
Such a change obviously cannot be considered as a change in insensible perspira- 
tion, and without a test for sweating, the sweat would not be detected. It is 
concluded, therefore, that circulatory changes of the sorts observed have no in- 
fluence on insensible perspiration except in so far as they may alter the skin 
temperature. The relatively large alterations in cutaneous perspiration noted 
by some workers during and after occlusion may be attributed to alterations in 
sensible perspiration. 

Two possibilities which would account for the relation noted between skin 
temperature and cutaneous insensible loss may be postulated. One is that the 
cutaneous insensible perspiration may be due to some reaction which liberates 
water near the skin suilace, and the other is that the loss of water may result 
from a process of osmosis or of diffusion through the skin. It is well knoivn that 
many reactions follow van’t Hoff’s law over certain temperature ranges, doubling 
or trebling their rate with each 10°C. temperature rise; such a reaction would 
explain the relation noted. On the other hand, a process of diffusion dependent 
on the vapor tension difference between the inside and outside of the skin might 
equally well fit the relation noted. The vapor tension of the body fluids at 26°C. 
is approximately 24 mm. Hg, while the vapor tension of the air emerging from 
the capsule at the rate of flow used in the experiments was approximatelj^ 2 mm 
Hg. This gives a vapor pressure difference of 22 mm. Hg at a skin temperature 
of 26°C. At a skin temperature of 36°C. the vapor pressure difference between 
inside and outside is approximately 41 mm. Hg. Thus, the vapor pressure dif- 
ferences which prevailed over the range studied are sufficient to account for the 
relation noted between cutaneous insensible perspiration and skin temperature 
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If insensible perspiration arises by a process of diffusion of water vapor through 
the skin, it could be altered bj’ these variations in vapor tension on the exterior 
of the skin. Presumably a high vapor tension on the exterior would reduce the, 
difference of tension between the inside and the outside of the epidermis, reducing 
the rate of transfer of water vapor from inside to outside proportionally. If the 
mechanism is secretoiy, however, minor alterations in the vapor tension of the 
outside air might be expected to produce little, if anj’-, effect upon the cutaneous 
insensible perspiration rate. Actuall5’’ a decreased ventilation rate through the 
capsule and the consequent increased vapor tension over the skin resulted in a 
diminution of the insensible perspiration rate. 

INIany investigators have studied the relation of total insensible perspiration 
to environmental humidity, while comparatively few have attempted to relate 
cutaneous insensible perspiration to humidity changes. These latter obsen'^ers 
obtained increases in the cutaneous insensible perspiration of man on lowering 
the humidity (Erismann, "i^asti). "W^ien loss through the skin compensates for 
changes of loss through the lungs, it is possible that temperature of the skin also 
changes (Adachi and Ito). 

Whitehouse, Hancock and Haldane (1932) and Trolle (1937) studied the 
relation of vapor tension difference to exchange of liquid water through the skin. 
They submerged their subjects, except for the head, in water baths of various 
salt concentrations. They found that a subject in distilled water at 33° to 34°C. 
loses no water through the skin or may even gain some. As the salt content of 
the bath is increased the cutaneous water loss becomes greater until it approaches 
the rate of insensible perspiration in air. These data indicate that the rate of 
transfer of liquid water as well as of aqueous vapor through the sldn is dependent 
on a gradient in vapor tension. 

The author acknowledges the suggestions of Dr. E. F. Adolph and Dr. S. W. 
Clausen in this investigation. 


SUMMARY 

Repeated anodal cataphoresis of formaldehyde into a local area of sldn renders 
the sweat glands in that area non-responsive to heat stimuli for periods of 2 to 
4 weeks. Sweating as such can be detected within ten minutes of its initiation, 
when the sweating is sufficient to increase the evaporation rate only 0.02 mgm. 
per sq. cm. per minute. When sweat glands are inactivated, liquid water does 
not come to the skin surface. 

Cutaneous insensible perspiration approximately doubles in rate with a skin 
temperature increase of 10°C. 

The rate of blood flow through the skin appears to have no effect on the cutane- 
ous insensible perspiration rate, except as it alters the skin temperature. 

An increased vapor tension over the skin, effected bj’’ decreasing the rate of air 
flow over the surface, decreases the rate of cutaneous insensible perspiration. 

A process of diffusion of water vapor through cornified layers of epidermis is 
probably responsible for cutaneous insensible perspiration. 
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In recent years the biological importance of molybdenum, particularly Mth 
reference to the nutrition of lower plant forms, has been recognized. Stein- 
berg (1) found molybdenum essential for the grondh and sporulation of Aspergil- 
lus niger. Bortels (2) found that sand cultures of peas, soy beans and red 
clover showed an increase in nitrogen fixation and grovdh with carefully regu- 
lated additions of molybdenum and vanadium compounds. 

Further advance in the study of the importance of molybdenum in higher 
plants has been the result of the work of Amon and Stout (3), who have found 
that mol 3 '’bdenum, in minute amounts, improved the grondh of barlej’’ plants 
in a'culture solution supplied vdth ammonium salts as the sole source of nitrogen. 
They also found that a group of heavy metals including motybdenum increased 
the growth of lettuce and asparagus. The work of these authors showed the 
essential character of molybdenum in the nutrition of tomato plants and the 
ability to prevent the deficiencj' symptoms described in their paper. 

Of interest also is the nade distribution of molj^bdenum in biological materials. 
Ter Meulen (4) b}"- means of a colorimetric method found large quantities of 
mob'bdenum in the liver of the ox and pig (1.5 mgm. per kgm. of liver), but found 
smaller amounts in such materials as blood, bile, milk, eggs and certain other 
tissues. These contained 0.03 to 0.14 mgm. per kilo. The paper of Ter Meulen 
does not state whether the determinations are on a dry or wet basis. Drea (5) 
by the use of the spectrographic method detected molybdenum in cow’s milk. 
Later Drea (6) demonstrated the presence of molybdenum in eggs, brain, eyes, 
gizzard, kidney and the liver of hens. 

As far as we are aware there is no record in the literature of an attempt to 
determine whether or not motybdenum is an essential nutrient for animals. 
Since, as desci’ibed in the above paragraphs, this element is required b 3 ’' some 
lower forms and also by some higher forms of plants for normal growth and 
development, we thought it worth while to investigate its bearing on the nutri- 
tion of the rat. Our results on this problem are recorded in this paper. 

Experimental. Marmoy (7) has described a method for molybdenum deter- 
mination involving the extraction of the orange thioc 3 ’'anate complex vdtli 
ether, and using the optimum conditions for color development as suggested 
b 3 f Hurd and Allen (8). We have applied this procedure to the determination of 
motybdenum in biological materials. The ashing conditions and the color com- 

1 Published with the approval of the Director of the Wisconsin Agricultural Experi- 
ment Station. Supported in part by a grant from the Wisconsin Alumni Research 
Foundation. 
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parisons which were used were essentially the same as those described by Mar- 
moy with the exception that the color was measured in an Evelyn colorimeter 
making use of a special 470 m^ filter constructed by the Rubicon company. 


TABLE 1 


Molybdenum content of whole rats, cow’s milk and goat’s milk 


W-EIGHT 

(fur and 

SKIN 

removed) 


AGE 


GAMMA MO 
PER KILO 

(irax basis) 


Whole rats on goat’s milk 



gms. 

weeks 


4 weeks on goat’s milk — previously on stock diet 

148 

12 

81 

7 weeks on goat’s milk — started on milk at age of 21 days.. 

125 


52 

5 weeks on goat’s milk — started on milk at age of 14 days 

44 

7 

56 


Whole rats on goat’s milk plus 30 gamma of Mo. per day 


Fed Mo since 21 days old 

1 

80 

1 

7 

125 

Fed Mo since 21 days old 

70 

7 

107 

Fed Mo since 21 days old 

70 

7 

106 

Fed Mo for 3 days previous to analysis 

1 

36 

5 

117 



Average 



114 





• 

SAMPLES (100 CC.) 

MlCllOGRAMS MO PER 

LITER OF MILK 

Cow’s milk 

1 

41 


2 

40 


3 

58 


4 

42.7 


5 

56 

Average 

i 

47.5 

Goat’s milk 

1 

15 


2 

16 


3 

16 

1 

4 

12 

i 

5 


i 

6 

^ 12.5 


7 

11 

AveraKe 

- 

13.5 

i 


The ether extraction of the colored complex was carried out 5 minutes after 
the development of the color. 

The standard cuiwe obtained by plotting the log values (densities) of the 
colorimeter readings against the corresponding knovm quantities of molybdenum' 
approximated a straight line. 

molybdenum analym. Drea (9) failed to detect molybdenum in goat’s milk 
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by using a spectrographic procedure. However, he was able to demonstrate 
the presence of this element in cow's milk. The above fact led us to assume 

TABLE 2 


Growth of rats on a basal diet of mineralized goat’s milk with and without added molybdenum 

as Sodium Molybdate 



MALES 

(os AMS PEE WEEK, 
6-week period) 

rEMALES 

(grams per Il-EEK, 
6 -week period) 

Basal* 

25 

23 


26.6 

19 


25.3 

19.6 

Average 

26 

21 

Plus 30 gamma of molybdenum per 75 cc. of drinking 

24 

22 

water* 

30 

17 


21 

20 


27 

23 


26.5 

18 


26 


Average 

26 

20.5 

Basal 

21 



20 



20 



25 



21 



22 



26.5 



19 


Average 

21.7 


Plus 30 gamma of molybdenum per 75 cc. of drinking 

21.5 


water 

26.5 



24 



21 



22 



29 



22 


Average j 

23 



* Rats in these groups -were obtained from Sprague-Dawley. Other animals were from 
the stock colony of this laboratory. 

that goat’s milk might be low enough in molybdenum to warrant its use in the 
study of this problem. 

A series, of molybdenum determinations on cow’s milk as well as goat’s milk 
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was made. The results of these analyses are given in table 1. The analysis of 
the two types of milk showed that, although molybdenum was contained in each, 
the goat's milk contained about one-third as much of this element as did cow's 
milk. The average value obtained for goat's milk was 13.5 micrograms per 
liter. Tlie value for cow’s milk was 48 micrograms per liter. 

Results of the molybdenum content of wRole rats (wet basis) are recorded in 
table 1. Three of the rats analyzed weighed 150 grams and had been on a diet 
of goat’s milk plus 30 micrograms of molybdenum per day since weaning (a 
period of six weeks). Another rat of the same w^eight had received the same 
diet, but the molybdenum was fed for only 3 days (just before analysis). An- 
other group of rats had been on a diet of goat’s milk only. Two of these were 
taken at the age of 21 days from mothers that had been on goat’s milk since the 
young were 14 days old. These rats were kept on the milk diet for six weeks 
after w'eaning before they were analj’^zed for molybdenum. Another rat which 
had been on the stock ration for 5 or 6 weeks was placed on goat’s milk alone 
for 4 weeks before analysis. In the analj’^sis of the whole rat the G. I. tract 
and the skin of each animal had been removed. 

M olyhdmum. in the nutrition of the rat. Six litters of rats at the age of 2 -weeks 
were placed vith their mothers in zinc cages. The mother rats were kept on 
goat’s milk to reduce the store of molybdenum in the young. The milk was 
mineralized -with iron, copper and manganese. Each animal w^as given dail}’’ 
500 7 of Ee, 50 7 of Cu and 50 7 of Mn. After weaning, the young were started 
on a basal ration of mineralized whole goat’s milk with and ivithout the addition 
of molybdenum. All animals received 2 drops of haliver oil each -U’-eek. The 
' milk used in this experiment was received in porcelain pails. The gro-udh rate 
of these rats is shoum in table 2. 

Assuming a daily intake for a gro-uing rat^ to be 40 cc. of milk, the animals 
received 0.5 to 0.6 microgram of molybdenum per day through their ration of 
milk. The rats, which were receiving motybdenum as sodium mol3'-bdate in 
their drinking water, showed no better growth rate than the rats on the low 
motybdenum ration. 

Discussion. The molybdenum content of whole rats was found to be low 
when fed goat’s milk alone, while it increased somewhat when the milk was 
supplemented with motybdenum. The body increase, however, was relatively 
low indicating either a very rapid excretion or low absorption of this element. 
Since rats, which had been on a diy stock ration, still contained 81 microgi-ams 
of molj'bdenum per kilo of fresh weight after a period of 4 weeks on goat’s 
milk, it may be concluded that the small increase in mob^bdenum content 
when this element was added to the milk diet was due to poor absorption of 
mob^bdenum. 

The values which we obtained for the molybdenum content of goat’s milk 
were not in quantitative agreement uith Drea’s negative values. The fact that 
the molybdenum content of this product is low might e.xplain the negative 


= Growtli records were taken for a .period of 6 weeks after weaning. The weight of 
rat at weaning was about 30 grams ^ 
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results obtained by the above author, who used a spectrographic method of 
analysis. 

Weanling rats placed on a mineralized goat’s milk ration showed comparable 
growth to litter mates receiving added molybdenum as sodium molybdate. 

About 0.5 microgram of molybdenum per day was taken in by a growing rat 
on a basal ration of goat’s milk mineralized with copper, iron, and manganese. 
Since supplementing this ration vdth molybdenum did not accelerate the growth 
rate, it can be concluded that if molybdenum is needed by the growing rat, then 

0.5 microgram per day satisfies this requirement. 

SmUMARY 

1. A colorimetric method for the determination of molybdenum in biological 
materials has been described. Use of the Evetyn colorimeter was made with 
the aid of a special filter. 

2. Cow’s nulk contained about 3 times as much molybdenum as goat’s milk. 

3. Molybdenum fed as sodium molybdate w^as very poorly absorbed by the rat. 

4. The addition of molybdenum to goat’s milk did not produce increased 
growth. A daily intake of 40 cc. of this milk (the usual amount required) con- 
tained approximately 0.5 microgram of molybdenum. It can be concluded 
that if molybdenum is needed by the growing rat then this amount of molj^b- 
denum per day satisfies its requirement. 
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The present study deals with the effect of the anticoagulant SjS'-methyl- 
enebis(4-hydroxycoumarin) (1) on the prothrombin activity of rat plasma during 
pregnancy and lactation. It has been reported that the prothrombin actndty 
of plasma is usually increased during the later stages of pregnancy (2-5) but 
similar increases have not been recorded for the period of lactation. However, 
it now appears that one of the differences between the lactating and the non- 
lactating rat is that the former possesses a particularly efficient mechanism for 
counteracting influences which tend to lower prothrombin actmty. 

Methods. The basic procedure was essentially that employed previously 
(6). Adult rats 150 grams in weight or over were fed an artificial diet of the 
follovdng composition: casein 18, yeast 8, salts (Wesson) 4, cod liver oil 2, and 
dextrin 68. A hypoprothrombinemia was induced as follows: the rats were 
star\^ed for 12 hours and then fed 2.5 mgm. of the anticoagulant 3,3'-methyl- 
enebis (4-hydroxy coumarin) incorporated into 2 grams of the ration which was 
consumed mthin 30 minutes. Four hours later the ration itself was fed ad 
libitum, and 24 hours after the ingestion of the anticoagulant, blood samples 
were taken by heart puncture. The prothrombin time of 12.5 per cent plasma 
was determined by a standard procedure (7). 

The extent of the hypoprothrombinemia induced was determined in 60 rats 
in various stages of pregnancj'- and lactation and in the same animals after 
lactation had ceased. Included were 14 rats vffiose period of lactation was 
extended artificially for periods up to 180 days. Numerous non-lactating rats 
of both sexes served as controls. Since an inteival of one week was allowed 
between heart punctures in any one animal, the number of determinations made 
during a normal period of pregnancy and lactation seldom exceeded five. The 
procedure was sufficiently mild for the young to be born and raised mthout 
visible abnormality. Pregnancy was deteimined by routine examination of 
the vaginal smears. 

Experimental. Prothrombin time in pregnancy and lactation. The pro- 
thrombin time of 12.5 per cent plasma from non-pregnant rats on the artificial 
ration ranges from 36 to 45 seconds, average 40 (6) and this range was also 


1 Published with the approval of the Director of the Wisconsin Agricultural Exoeriment 
Station. 

= The teim anticoagulant is used in the general sense that 3,3'-meth34enebis(4-hydroxv- 
coumann) is an agent, which after action in vivo, impairs or prevents the coagulation of 
blood. It does not affect clotting power when added to blood or plasma in vitro (7) p. 12. 
Be are indebted to Prof. K. P. Link for the 3,3'-methylenebis(4-hydroxycoumarin) used 
in these investigations. ^ 
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obsen^ed during lactation and during the first two weeks of pregnancy. How- 
ea^er, during the last week of pregnancy the prothrombin time ranged from 27 
to 89 seconds, aa'^erage 32. Tl'liile the difference in averages appears small, it 
probably represents a very considerable increase in prothrombin activity, since 
the relation between the prothrombin clotting time of plasma and prothrombin 
concentration is not linear, and over this particular range relatively small varia- 
tions in clotting time are indicative of large changes in the concentration of 
prothrombin (7). In humans an increase in prothrombin activity at the end 
of pregnancy appears to be well established (2-5), 

Induced hypoprothromhinemia. The ingestion of 3,3'-methyienebis(4-hy- 
droxjmoumarin) by the non-pregnant non-lactating rat results in a marked hypo- 
prothrombinemia: 2.5 mgm. of the anticoagulant increased the prothrombin 
time of 12.5 per cent plasma from the normal value of 40 seconds to an average 

TABLE 1 

The effect of pregnancy and lactation on the hypoprolhrombinemia induced in rats fed 2.5 mgm. 

of 3,3'-methylenebis{4-hydroxycoumaTin) 

(Prothrombin clotting time of 12.5 per cent plasma) 



NO. or DETERMINATIONS 

PROTHROMBIN TIME, 
AVXRAGE + S.D. 

Non -pregnant 

130 

112 i 18 

Pregnant first 2 weeks 

14 

90 ziz 23 

Pregnant third week 

13 


f.n eta ting first week 

13 

66 db IS 

Lactating second week 

13 

59 db 10 

r.nefating third week 

1 15 

53 bb 8 

f 4t,h— Sf.h wfiftk 

35 

58 d= 10 


8 

61 10 

Post-lactating 

26 

111 ± 25 


S.D. = standard deviation. 


of 112 (table 1), an increase of 72 seconds. lATien this amount of anticoagulant 
was fed to rats during the last week of pregnancy, the prothrombin time ranged 
from 56 to 107, average 81 seconds (table 1), an increase of 49 seconds. This 
relative mildness of the induced hj’-poprothrombinemia might have been an 
e.vpression of the high prothrombin activity of the plasma before the anti- 
coagulant was administered. 

The lactating rat, however, e.vhibited a resistance to the anticoagulant which 
could not be attributed to a high initial prothrombin activity. Thus, when 
2.5 mgm. of anticoagulant were fed during the third week of lactation, the pro- 
thrombin time of 12.5 per cent plasma increased to only 53 seconds in lactating 
vats as compared to an average of 112 seconds in those not lactating. Since, 
in the absence of anticoagulant, the prothrombin times of both groups averaged 
40 seconds, 36-45, this indicated an increase in the lactating animals of only 
13/72, or IS per cent of the normal increase in seconds. A marked resistance 



PROTHROJIBIN ACTIVITY IN PREGNANCY AND LACTATION 


511 


of lactating rats was observed at all levels of anticoagulant fed, although varia- 
tions within groups were fairly ivide (table 2). 

The lactating rats appeared to have a high capacity to recover from incipient 
hypoprothrombinemia. During the first 12 hours after the ingestion of 2.5 mgni. 
of anticoagulant there was a definite increase in the prothrombin times, which 
averaged 61 seconds in 8 lactating rats as compared to 75 seconds in 22 non- 
lactating controls (6). During the second 12-hour period, hovrever, the dif- 
ference between lactating and non-lactating animals became very evident. In 
the lactating rats the average prothrombin time decreased from 61 seconds to 
58 seconds; in the non-lactating rats it increased from 75 seconds to an average 
of 112 seconds. In fact, the response of the lactating rat to the anticoagulant 
was veiy similar to that of ordinaiy rats fed large amounts of vitamin K (6). 

The greatest resistance to the anticoagulant, lowest prothrombin time, was 
observed during the third week of lactation (table 1) i.e., when the secretion of 

TABLE 2 


The degree of hypoprothrombinemia induced in lactating and non-lactating rats by 
3 ,3' -methylenebis {4-hydroxycoumarin) 

(Prothrombin clotting time of 12.5 per cent plasma) 



NO. OF DETERMINA-I 
TIONS 

1 

MGM. OF ANTI- I 
COAGUIANT 1 

1 

FROTSROUDIN TIXIE, 
AVERAGE dcz S.D. 

Lactating and non-lactating 

115 

1 

40.0 ± 3.2 

59 ± 11 

112 ± 18 

62 ± 7 

Lactating 

83 

2.5 * 

Non-lactating 

130 

2.5 

Lactating 

6 

5.0 

Non-lactating 

9 

5.0 

171 ± 35 

97 i 19 

191 ± 42 

Lactating 

4 

7.5 

Non-lactating 

4 

7.5 


1 


milk was probably at its greatest volume (8). The connection between lacta- 
tion and resistance to hypoprothrombinemia ivas further emphasized bj^ the 
performance of eight females tvhich either failed to lactate, or stopped lactating 
shortly after parturition, so that the young died. The administration of anti- 
coagulant to these animals resulted in prothrombin times of 97 to 167 seconds 
essentially the range for other non-lactating animals in the post-lactation period! 
The response to the anticoagulant immediately after withdrawing the j^oiing 
was often temporarily irregular, but ultimately the degree of hypoprothrom- 
binemia induced in all animals ivas that characteristic of non-lactating rats. 

Prolonged lactation. lITiile young rats are usually w^eaned about the tiventy- 
first day of life, tong and Evans state that the mother may be kept lactatmc 
for periods up to 40 days (9). In the present experiment 7 rats were kept in 
actation for more than 60 days, while 3 others lactated for more than 110 davs 
tins was accomplished by foster nursing as follows: after the natural litter had 
opened Its eyes, the mother and young w^ere kept in a cage without access to 
food, the mother being fed the artificial ration in a separate ca7durLg two 
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30-inmute intervals daily. Wlien the young were about 15 daj'-s old, all but 
one or two were removed and replaced udth 3 mung^ approximately 5 days of age. 
As these grew up, the older pups were removed periodically, and replaced vith 
younger ones. The new foster young were seldom neglected if the female was 
allowed to keep one or two of the older ones to which she had become accustomed. 
The jmung either grew or maintained their weights, and their stomachs were 
visibly distended with milk, thus indicating substantial lactation. A typical 
protocol is indicated in table 3. 

The treatment of the females during the prolonged lactation period was by 
no means optimal for general well-being: they were fed an artificial ration; they 

TABLE 3 


Prolonged lactation: protocol of rat 240 for period 100 — ISO days post-partum 



YOUNG ADDED 

YOUNG remo\t:d 

■SVXIGHTS OF LITTER* 




grams 

10-13-41 

5 born 




1-21-42 

2 11-day old 



53 

1-22-42 

2 13-daj’- old 

1 12-day oldf 

57, 

78 

1-25-42 

2 6-day old 

1 2S-day old 

80, 

70 

1-27-42 

2 7-day old 

1 20-day old 

76, 

79 

1-29-42 


1 9-day oldf 

84, 

78 

1-30-42 

2 9-day old 

2 21-day old 

78, 

60 ■ 

1-31-42 


1 21 -day old 





1 12-day oldf 

64, 

44 

2- 1-42 

2 1-day old 


60, 

60 

2- 3-42 

2 12-daj' old 


70, 

95 

2- 7-42 


2 7-day oldf 

114, 

100 

2-12-42 

i 1 10-day old 

1 23-day old 




1 IG-daj' old 

1 24-day old 

117, 

98 

2-14-42 


2 24-day old 

105, 

60 

2-20-42 



88, 



* The first figure indicates litter weight before the recorded change in animals; the 
second figure, litter weight after the change. Growth is indicated by comparing the second 
figure of any line with the first figure of the next line, 
t Died. 

were starv’-ed periodicallj' for periods of 12 hours; thej’- were given the anticoagu- 
lant periodicaUj*^; and finalh' numerous blood samples were taken by heart 
puncture. Nevertheless, the females remained resistant to the anticoagulant 
throughout the period of prolonged lactation. Thus the ingestion of 2.5 mgm. 
of anticoagulant b 3 '- lactating females 100 days after parturition resulted in 
prothrombin times of onb’- 56 seconds (45-67) as compared to 112 seconds 
average in non-lactating controls. "WTien the 3 ’'Oung were pennanentb’’ with- 
drawn, however, this amount of anticoagulant induced a degree of h 3 'popro- 
thrombinemia characteristic of non-lactating rats. 

® We are indebted to Prof. H. Steenbock and to Messrs. H. Gottlieb and F. A. Kum- 
merow for manj- of these animals. 





PROTHROMBIN A.CTIYITV IN PREGNANCY ANP LACTATION 

Uvev size during pregnancy and lactation. No satisfactory explanation is as 
yet at hand for the resistance of the lactating rat to the anticoagulant 3 ,3 - 
inethylenebis(4-hydroxycoumarin). Prothrombin is believed to be synthesized 
in the liver (10) and it has been suggested that the anticoagulant interferes nuth 
this sjmthesis. Accordingly, the observed resistance to the anticoagulant 
might have been due to a greater efficiency of hepatic function during pregnancy 
and lactation. Poo et al. (11) have reported an increase in liver size during 
pregnancy, ivith the liver still somendiat larger than normal after 31 days of 
lactation. A sui's'ey of 17 pregnant rats, and 35 of our lactating ones, revealed 
an increase in liver size (fresh weight) of approximately 30 per cent during the 
last week of pregnancy (table 4) noth a further increase during lactation. Two 
animals which died at parturition from uncontrollable hemorrhage had relatively 


TABLE 4 


Liver size during pregnancy and lactation* 



KO. or RATS 

SREStt WEIGHT OF LITCE 



grams 

Normal females 



150-200 grams 

11 

6.9 (6.2- 7.2) 

200-250 

9 

7.1 (5.9- 8.5) 

250-k 

16 ! 

8.4 (6.8- 9.4) 

Pregnant 



0-13 days 

6 

7.8 (6.0- 9.4) 

14-21 days 

11 

10.0 (7.0-13.2) 

Lactating 



0-10 

15 

10.1 (7.4-12.5) 

11-20 , 

6 

11.6 (9.3-13.7) 

21-30 1 

10 

11.3 (8.0-13.5) 

30-b 

4 

11.6 (8.7-15.2) 

Post lactating 



7-14 daj's 

7 

8.9 (5.4r-H.8) 


* In the non-pregnant non-lactathig rats the liver constituted 3.4 per cent of the body 
weight; in the lactating rats, the liver weights averaged 4.5 per cent of the body weight. 


small livers, as did 3 sacrificed from a group of 8 post-partum females which, 
failed to suckle their young. Thus the rapid recovery from incipient hypo- 
prothrombinemia during lactation seems to have been associated with an in- 
ci eased liver size during this period. The variations in liver size, however, 
were hardly of sufficient magnitude to account for more than a fraction of the 
resistance to induced h3^poprothrombinenua exlubited by lactating rats. 

Dzscussrox. It is still an open question whether resistance to the anticoagu- 
lant 3, 3'-methylenebis(4-hydro.xycoumarin) is enhanced during lactation in 
species other than the rat. Extensive reports on the hemorrhagic sweet clover 
disease m cattle seldom contain references to the sex of the affected animals, 
although both Schofield (12) and Roderick (13) have obsei^^ed cows which con- 
sumed anticoagulant (spoiled hay) and remained well after parturition, while 
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the calves died of hemorrhages. This might suggest not onlj" a resistance on 
the part of the mother, but also the transmission of anticoagulant through the 
placenta and mammary gland. Hie resistance to the anticoagulant might also 
be connected with the relatively large turnover of water and' other substances 
during lactation, vdth the lactogenic hoi-mone a governing factor. 

SUMMARY 

1. The prothrombin activitj^ of rat plasma was relativel 3 ^ liigh during the 
last week of pregnancy, but after parturition it decreased to its former level. 

2. The hj>'poprothrombinemia induced b}"- the anticoagulant SjS'-methylene- 
bis(4-hj’-ch-oxycoumarin) was somewhat milder in pregnant rats than in those 
not pregnant. In lactating rats the anticoagulant was only 18 per cent as effec- 
tive as in non-lactating controls. The resistance of the lactating rat appeared 
to be due to an enhanced capacity to recover from incipient hypoprothrom- 
binemia. 

3. By means of foster j'^oung, female rats were kept lactating for periods up to 
180 days. Resistance to the anticoagulant persisted throughout lactation. In 
the post lactation period, however, a marked hypoprothrombinemia could be 
readity induced by the anticoagulant. 

4. Recovery from induced hypoprothrombinemia appeared to be associated 
with increases in liver size. Some increase in liver weight was noted during 
pregnancy mth further increases during lactation. 
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Two of US (1) have previouslj' reported that dailj^ intramuscular injections of 
partially purified hog renin for four months produced striking reductions in the 
blood pressure of dogs with renal hypertension, whereas heat-inactivated hog 
renin and active dog renin were without antipressor effect. The serums of the 
dogs treated with hog renin, but not the serums of the dogs given injections of 
inactivated hog renin or dog renin, neutralized the acute pressor effect of renin 
(antirenin). The mechanism of these therapeutic effects of hog renin in experi- 
mental renal hypertension in the dog, w'e stated, was not clear, although an 
antihormone or immune response to heterologous hog renin might be involved. 

In view of these significant therapeutic effects of partially purified hog renin 
Avhich are being substantiated by work now in progress, we have studied the 
prophylactic effects of hog renin, inactivated hog renin, dog renin, rabbit renin, 
inactive human renin, and an extract of liver in experimental renal hypertension 
in the dog. Thus far attempts by other workers to prevent the development of 
experimental renal hypertension have been unsuccessful. 

Methods. Normotensive dogs were observed during a control period of two 
to four months. Mean blood pressure readings were obtained by puncture of a 
femoral arterj'’ (method of Dameshek and Loman (2)) two or three times a week. 
Studies on the blood urea nitrogen, urinalj'^ses, and determinations of the body 
weight were made at monthly or bimonthly intervals and more frequently ’vvhen 
indicated. The dogs were then treated with daily intramuscular injections of 
renin for approximately six months. In the middle of this period the right and 
left renal arteries were constricted three weeks apart by the Goldblatt technique 
(3). The renin solutions used were equivalent to 1 gram of fresh kidney cortex 
per cubic centimeter of solution and were administered in a dose of 1 cc. per kilo- 
gram of body weight. The method used for the preparation of the renin solu- 
tions was essentially that described by Grossman (4), except that acetone was 
emploj^ed as a deh 3 ’'drating agent and much of the associated protein was re- 
moved by isoelectric precipitation. The renin solutions were only partially 
purified and ohvioudy contained substances other than renin. Four dogs were 
treated with hog renin, four with hog renin inactivated bj”- heating at 70°C. for 
one-half hour, four with dog renin, two Mth rabbit renin, two Mth inactive 
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human renin (renal extract prepared like renin but pressor inactive), and three 
with liver extract prepared after the manner of renin. 

Blood serums were examined for antirenin before treatment and subsequently 
during treatment at semimonthly and after treatment at monthly and bi- 
monthly intervals. The technic pre^douslJ’■ described (5) consisted essentially 
in mixing 2 volumes of serum mth 1 volume of renin solution, allowing the 
mixture to stand at least overnight at 4°C. and assa 5 dng the acute pressor effect 
of the mixture intravenousl}'' on the etherized, nephrectomized dog. The dose 
of renin solution emploj'-ed was 0.25 cc. per kilogram of assay animal. In all 
instances the serum tested for antirenin was suitably controlled with serum from 
untreated normotensive dogs and frequently with serum from untreated hyper- 
tensive dogs. Antirenin titers were regularlj’’ determined for dog renin, less 
frequently for hog renin, and exceptionally (two dogs receiving rabbit renin) for 
rabbit renin. 

Determinations of blood pressure, studies on the blood urea nitrogen, urinal}^- 
ses, and deteiminations of bod}'- weight were continued throughout the treat- 
ment period and subsequent!}’- during observation periods which varied from one 
to eleven months. 

Results. Hog renin. During three months of hog renin injections prior to 
constriction of the renal arteries, the blood pressures of the four dogs showed 
no significant change from the normotensive levels observed during the pre- 
ceding control period of two to three months. Following constriction of the • 
first renal artery there was no significant change in the blood pressures of any 
of the four dogs. Subsequent to constriction of the second renal artery two of 
the dogs showed no important change in blood pressure during the remaining 
three months of treatment -with hog renin or during obseiwation periods of nine 
and eleven months respectively follovdng renin therapy. The results for one 
of these two dogs are illustrated by figure 1. The third dog showed a significant 
rise in blood pressure following constriction of the second renal artery. This 
mild hypertension remained unchanged during the subsequent three months of 
continued hog renin injections. There was a gradual increase in the hyperten- 
sion during the five months of observation subsequent to treatment. Follo-\ring 
constriction of the second renal artery the foiu’th dog dei’^eloped hypertension 
which persisted essentially unaltered for the five months of observation subse- 
quent to the injections of hog renin (fig. 2). 

Antirenin, tested against dog and hog renins, became demonstrable in the 
seiTims of the four dogs during the second month of treatment and disappeared 
during the second month after treatment was discontinued. At no time during 
treatment or subsequently was there any clinical e-\'idence of untoward effects. 
The appetities of the four dogs remained excellent, their weights constant, and 
their blood urea nitrogens and urines noiTnal throughout. 

Inactivated hog renin. During the three months of inactivated hog renin in- 
jections prior to constriction of the renal arteries, the blood pressures of the foui 
dogs remained unchanged from the normotensive levels noted during the initial 
control period of two and one-half months. One dog continued to show nonno- 
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tension despite bilateral renal arteiy constriction. Normotension persisted m 
this animal duiing three months of continued inactivated hog renm injections 
and five montlis of subsequent observation. Following constriction of the first 
renal artery, hypertension developed in the three remaining dogs and was in- 
tensified somewhat by subsequent constriction of the second renal arterjL No 
significant changes occurred in the hypertensions of these three dogs during 
the ensuing three months of continued inactivated hog renin injections or 
during the five montlis of observation following the completion of the injections. 



1941- Months 1942 

Fig. 2 

Repeated assays for antirenin against both dog and hog reruns gave negative 
results in all four dogs. No toxic effects from injections were detected in anj^ of 
the animals. 

Dog renin. There were no significant changes from the initial control levels 
in the blood pressures of this group of four dogs during the three months of in- 
jections of dog renin prior to the first renal artery constriction. Two of the dogs 
remained normotensive following bilateral renal artery constriction. One of 
these continued to be normotensive during the three months of continued dog 
renin treatment folloiving constriction and during the five months of observation 
subsequent to dog renin injections. The other animal remained vdthin normo- 
tensive limits during the period of dog renin injections following the arterial 
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constrictions but showed a gradual though significant rise in blood pressure dur- 
ing the five months succeeding dog renin injections. The two remaining dogs 
developed hypertension following arterial constriction. In one of these dogs 
hypertension appeared after the second renal artery was constricted; in the other 
unilateral constriction produced hypertension. The hypertensions of both 
animals continued essentially unchanged during three months of continued dog 
renin injections and five months of obseiwation subsequent to the te rmin ation 
of the injections. 

Antirenin assays against dog and hog renins were repeatedly negative in all 
four dogs. No toxic manifestations from the injections were obseiwed. 

Rabbit renin. The normotensions of the two dogs in this group were not 
altered from their control levels during the first three months of rabbit renin 
injections. Following unilateral constriction the pressures continued to be 
normotensive. Shortly after constriction of the second renal artery, one of the 
two dogs died of pneumonia. The other animal remained persistent^'- normo- 
tensive not only during the three additional months of rabbit renin injections 
but also during the five months subsequent to rabbit renin treatment. 

Antirenin, tested against rabbit, dog, and hog renins, appeared in the semms 
of the two dogs during the second month of injections and disappeared during 
the second month after the injections were discontinued in the suiwiving dog. 
Untoward effects from the injections were never observed in the dogs. 

Inactive human renin. The noimotensions of two dogs observed during the 
initial control period were unchanged by three months of inactive human renin 
injections prior to constriction of the renal arteries. Unilateral renal arteiy 
constriction produced hypertension in both animals which was accentuated 
somewhat by constriction of the opposite renal artery. Two weeks subsequent 
to the second constriction, one of the dogs died of malignant hypertension. 
The hypertension of the other animal persisted during the remaining three 
months of inactive human renin injections and during the one month which 
has elapsed since treatment was stopped. 

Antirenin was never demonstrated in the serums of these two dogs and they 
never displayed an3'' toxic effects from the injections. 

Liver extract. The normotensions of the three dogs in this group did not show 
anj’- significant changes during the pre-constriction injection period. Following 
constriction of the first renal arteiy, all three of the dogs developed hj’-perten- 
sion which was intensified by constriction of the second renal arter}'. Two 
weeks subsequent to the second operation, one of the dogs died of malignant 
h.vpertension. The other two dogs have shown no significant changes in their 
Iwpertensions during the post-constriction injection period. 

Repeated serum examinations never showed an)' antirenin and the extract 
produced no toxic effects. 

Untreated controls. After two to four months of control blood pressure read- 
ings, sixteen dogs were subjected to bilateral renal arteiy constriction, hollow- 
ing constriction of the first renal arteiy, fourteen of the dogs became hj'pcrten- 
sive. The remaining two developed h3’'pertension after the opposite renal arteiy 
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was constricted three weeks later. These sixteen control dogs showed persistent 
hypertensions during the three to five months of observation following constric- 
tion. Antirenin was never pi’esent in the semms of the dogs. Their body 
weights, blood urea nitrogens, and urines remained essentially unchanged. 

Discussion. These experiments constitute the first successful prophylaxis 
of experimental renal hypertension in the dog. The results show that of a 
total of fifteen dogs treated with renal extracts, six (40 per cent) were pro- 
tected against hypertension and nine were not. This is in striking contrast to 
the control group of sixteen untreated dogs all of which became hypertensive. 
In a larger series of 75 untreated dogs operated upon by essentially the same 
technique during the past three j’^ears, we have faded to obtain some degree of 
hypertension in onl}’’ one animal. Another laboratoiy reports failure to obtain 
hj’’pertension following constriction of the renal arteries by a somewhat different 
technique in 10 per cent of their dogs (6). Also pertinent to the prophylactic 
effect of certain of these renal extracts is the fact that whereas fourteen of the 
sixteen control dogs and 64 of the 75 dogs in the larger series developed hj'-per- 
tension following constriction of the first renal arteiy, onty six of the fifteen renal 
extract treated dogs did so. 

The mechanism of these prophylactic effects is not apparent at present. 
Obviously the small number of animals in each experimental group and the lack 
of consistent results within each group make a final interpretation impossible. 
Whether the prophylactic effects are due to renin or to some other substance or 
substances in the partially purified solutions is likewse not determinable at pres- 
ent. The ertdence that the prophylactic effects are not due to antirenin ap- 
pears conclusive. Thus two dogs given dog renin and one dog given inactivated 
hog renin were protected against experimental renal hypertension although these 
animals never at anj'' time showed antirenin in their serums. Furtheimore, 
the two dogs treated wfth hog renin and the dog injected with rabbit renin 
w'hich w^ere protected against hypertension continued to be noimotensii’^e for 
months following the disappearance of antirenin from their semms. Neverthe- 
less, some other type of antihormone or immune response is not completelj- 
ruled out. 

Before the question of mechanism can be answered w^e must conduct studies 
on larger groups of dogs treated prophylactically and therapeutical with 
vmious partially purified renin solutions. We must also study the effects of 
highly purified renins as well as the influence of dosage and of route of adminis- 
tration. Such studies are now under Avay. 

^ The long periods of normotension in fir'-e of the protected dogs following the 
discontinuance of treatment are striking. We intend to observe these animals 
for a minimum of eighteen months subsequent to treatment. If these five 
dogs do not become hypertensive during the observation period of eighteen 
months, we shall further constrict the renal arteries until hypertension, malig- 
nant hypertension, or fatal uremia without hypertension results. 

As stated, Ave obsen^ed a notable lack of toxic effects from the injections al- 
though the most sensitn^e tests for renal, hepatic, and other functions w’ere not 
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employed. The toxic effects of partially purified renin solutions noted by 
Winternitz et al. (7) and Leiter and Eichelberger (8) are probably related chiefly 
to their emploj’-ment of the intravenous route. All of our injections have been 
given intramuscularly. Moreover, the toxic substances demonstrated by 
Winternitz and Leiter in their partially purified kidney extracts are not neces- 
sarily in any way related to the prophjdacticalL’- potent principle or principles 
in the partially purified renal extracts which we have employed. 

SUMMARY 

1. Studies were made of the prophjdactic effects of partially purified hog 
renin, inactivated hog renin, dog renin, rabbit renin, inactive human renin, 
and liver extract prepared like renin, in experimental renal hypertension in the 
dog. 

2. Hog renin completely protected two dogs, partially protected one, and 
did not protect a fourth animal against the development of experimental renal 
hj’’pertension following constriction of the renal arteries by the Goldblatt 
technique. 

3. Inactivated hog renin protected one dog but did not protect three other 
animals. 

4. Dog renin completely protected one dog, partially protected one, and did 
not protect two dogs. 

5. Rabbit renin completely protected one dog against experimental renal 
hypertension. 

6. Inactive human renin offered no protection to two dogs and liver extract 
was likewise ineffective in three dogs. 

7. Sixteen untreated control animals all developed experimental renal hy- 
pertension folloufing constriction of the renal arteries. 

8. The mechanism of these prophylactic effects is not apparent at present. 
The}’' may be due to renin or to some other substance in the partiall}'" purified 
renal extracts. Antirenin is almost certainly not involved. Further studies 
which may clarify the mechanism are now under way. 

We are grateful to Messrs. R. E. Vessey and V. Miszeika for technical assist- 
ance. 
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Adequate evidence lias been adduced that androgens will maintain (1, 2, 3) 
and initiate (4, 5) spermatogenesis in the hypophysectomized rat . This observa- 
tion has been difficult to reconcile with the finding that male hormone may cause 
damage to the seminiferous epithelium in normal-immature rats (6). Such dele- 
terious effects in the 3 'oung rat have been considered generally to be brought 
about indirectly thi'ough suppression of the output of gonadotropic hormone from 
the pituitaiy (6). This interpretation leaves some problems unexplained. For 
example, it is difficult to understand why male hoimones in small doses are dam- 
aging to seminiferous epithelium, wliile large doses may show no injurious ef- 
fects whatever. The data wliich follow may afford a solution of such paradoxical 
phenomena. 

Material and methods. Twenty-nine litters, comprising 94 rats, have been 
used. Ran^ng in age from 25 to 44 days at the outset, their ages at the end of 
the experiments varied according to length of treatment. The animals com- 
prised two groups; experimental and control. Experimental animals were 
hypophysectomized, and immediately injected subcutaneously uith one of the 
following substances^; testosterone propionate (TP), pregnant mare serum 
(P!MS), or uith hypophyseal synergist.- Injections were repeated dail 3 '’ until 
the da}*^ preceding autopsjL Dail}’’ doses were as follows; 1, testosterone pro- 
pionate, 1 or 3 mgm. in 0.3 cc. peanut oil; 2, pregnant mare serum, 1 or 2 R.U. 
in 0.5 cc. solution of trisodium phosphate adjusted to pH 7.9; 3, hypoph,yseal 
synergist, 1 or 3 mgm. in 0.5 cc. solution of tri-sodium phosphate. Control 
animals, littermates of expeiimental rats, were of 3 kinds; untreated hj’-pophj'sec- 
tomized, initial and normal. Initial control rats were killed at the beginning of 
individual experiments while normal and hj’^pophj^sectomized control rats were 
sacrificed at the end of individual experiments. Initial control values for testicu- 
lar weights were obtained by sacrificing one animal of a litter at the start of an 
experiment, or by removing one testis from an experimental rat at the time of 
hypophysectomy. In the latter instance the iveight of each single testis obtained 
at biopsy and at autopsj’^ was doubled in order to make possible the presentation 
of average data in table 1. Autopsies were performed one day after the final 
injection. Organs were weighed in the fresh state, fixed in Bouin’s fluid, and 
embedded in paraffin. Sections were cut at 7 to 10 m and stained uitli hema- 
toxylin and eosin. At autopsy saline smears of the head and tail of epididj-mides 


J The hormones used in this study were supplied by Dr. Erwin Schwenk, Schering Corp 
Bloomfield, N. J. > & i'-, 

- Synergist was prepared from sheep pituitaries. It was stated to be chiefly follicle- 
stiirmlating, 'with traces of luteinizing principle. 
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■were examined for spermatozoa. If sperm -were present, their motility or lack of 
motility ■n^as noted, and such observations were correlated ■\nth microscopical 
findings. 

Eesults. Attention will be directed chieflj^ to: 1, weights of testes; 2, 
histological appearance of tubules; 3, histolo'gical appearance of interstitial cells; 
4, observations on epididj’'mides. Wherever necessary the condition of the ac- 
cessory sexual organs will be discussed. It is helpful to recall (7) that testicular 
size or weight largelj'- reflects the extent of tubular development, since interstitial 

TABLE 1 


Effects in hypophyseclomized rats of daily injections of 1-S mgm. of testosterone 
propionate {TP), 1-2 r.u. of pregnant mare serum {PMS), or of 1-3 mgm. 
of hypophyseal synergist {SYN) 


AGE AT 
OPERATION 

NUMBER OF ' 
LITTERS 1 

NUMBER OF 
RATS 

TREATMENT 

TESTES 

Substance 

Number of 
injections 

Average weight 
at autopsy 

Change from 
initial control 

days 





im. 


25-28 

4 

11 

IC 


0.30 




1 

HG 



-0.22 



3 

TP 

20-21 

0.24 

-0.06 



4 

PMS 

21-23 

0.87 

0.57 



2 

SYN 

18-23 

0.97 

0.67 



1 

NC 


2.11 

1.81 

29-34 

14 

6 

IC 


0.67 




1 

HC 


0.13 

-0.54 



18 

TP 

20-63 

0.57 

-0.10 



3 

PMS 

21 

0.96 

0.29 



2 

SYN 

21 

0.96 

0.29 



5 

NC 


2.41 

1.74 

35-44 

11 

s 

IC 


1.24 




1 

HC 


0.20 

-1.04 



24 

TP 

9-72 

1.17 

-0.07 



13 

NC 


2.63 

1.39 


IC, Initial control; HC, Hypophysectomized control; NO, normal control. 


tissue constitutes but a small percentage of the testis. Weights of testes and 
other data are given in table 1. 

1. Animals hypophysectomized belioeen days 25 and 28. Sperm were not 
formed in testes of animals injected with TP, and the tubules were markedlj' 
damaged (cf. figs. 1 and 7). Both PMS and synergist brought about distinct 
tubular development and sperm formation. No significant change in weight of 
testes took place after injections of TP, but PAIS and s^mergist brought about 
marked increases in testicular weight over initial control levels (table 1). Atrophj' 
of interstitial cells was not prevented bj- TP. Interstitial cells were markedly 
stimulated bv PAIS, as judged histologicallj' and bj’ the de\elopment of seminal 
















SPERMATOGENESIS IN THE RAT 

vesicles and prostate. Synergist caused only slight stimulation of interstitial 
cells. In the epididymides of most of the treated animals were seen large 
numbers of cells, which presumably had become desquamated from the seminif- 
erous epithelium (cf. figs. 2 and 8). Included among these cells were leucocytes, 
giant cells and spermatocytes, most of the latter showing degenerative changes. 
Adrenal glands of all treated animals were atrophic. 





: 



Fig. 1. Testis of rat hypophysectomized at age 25 days and injected daily for 21 days 
with 3 mgm. of testosterone propionate (TP). Atrophy of tubules and interstitial cells 
is marked. 

Fig. 2. Epididymis of rat hypophysectomized at age 30 days and injected daily for 21 
days with 3 mgm. of TP. Lumen contains gametes, some degenerating, desquamated from 
testis. 

Fig. 3. Testis of rat described in figure 3. Sperm are visible in some tubules. 

Fig. 4. Epididymis of rat hypophysectomized at age 32 days and injected daily for 71 
days with 3 mgm. of TP. Germinal elements are present in the tubules. 

Fig. 5. Testis of rat described in figure 4. Note tubules which have lost most of their 
germinal epithelium. 

Fig. 6. Epididymis of rat hypophysectomized at age 35 days and injected daily for 42 
days with 3 mgm. of TP. Clusters of spermatozoa maj’^ be seen among the mass of des- 
quamated cells. 

Fig. 7. Testis of normal control rat. 

Fig. 8. Spermatozoa in epididymis of normal control rat. 

2. Animals Injpophysectomized between days 29 and 34. Spermatozoa were 
found in the te.stes of all treated rats, despite the average loss in testicular 
weight (table 1). In TP-treated animals sperm were not numerous. Tubules 
were often shrunken, although in some instances they were clothed with an 
epithelium similar in appearance (fig. 3) to that found'in normal animals. Of 
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interest was the observation that some tubules which showed retrogressive 
changes frequen% contained spermatozoa which, instead of being embedded in 
Sertoli cells, were situated haphazardly in the epithelium or lumen. Occasional 
non-mo tile sperm were observed in fresh smears of epididymides; few sperm were 
found in fixed preparations. Possibly some were missed in the masses of de- 
generating cells filling some of the tubules of the epididymides (fig. 4). These 
masses resembled those observed in the preceding group, and no doubt had 
sloughed off the germinal epithelium of the testes. Loss of germinal elements 
from the testicular tubules is well illustrated by figure 5. Interstitial cells were 
atrophic. 

Tubular development was more uniform and more pronounced in animals 
treated vdth PMS and S 3 mergist than in animals which had received TP, as might 
have been expected on the basis of testicular weight increments. Sperm were 
more numerous both in the testes and epididymides. For the most part de- 
generating germ cells which had been transported from the seminiferous epi- 
thelium to the epididi’^mis were not nearlj'^ so abundant as in animals which had 
been given TP. Interstitial cell stimulation was moderate following administra- 
tion of PMS; after synergist, it was slight. Adrenal glands in all h 5 "pophJ^sec- 
tomized animals were atrophic. 

3. Animals hypopliysectomized between days S5 mid 44- Data in table 1 reveal 
that TP caused little change in average testicular weight. In spite of this 
apparentl}’’ indifferent weight response, tubular development was of a higher 
order than in the juunger groups. Some tubules were invested with a thick epi- 
thelium containing a normal complement of gametes in all stages of develop- 
ment. Other tubules were damaged to vaiying degrees, some containing only 
sustentacular cells. 

Fresh smears of the epididymides and fixed preparations showed moderate 
numbers of spermatozoa. Some sperm in the heads, as well as in the tails, of 
the epidid 3 ’-mides exhibited motilit 3 G Three animals from a litter hypophysec- 
tomized at age 37 days and injected Mth TP were, at intervals from the start 
to the end of the experiment, caged with estrous females of known fertility. 
Mating always took place, and vaginal smears often contained motile sperma- 
tozoa. In no instance, however, did pregnancy ensue. This would suggest a 
functional or numerical deficienc 3 ’^ of spermatozoa. In addition to spermatozoa 
in the epididymides of TP-treated rats there were also masses of desquamated 
germinal elements (fig. 6). No gonadotropins were used in this series. Adre- 
nals of all h 3 qroph 3 'sectomized rats were atrophic. 

Discussion. In the stock mts used for these exjieriments the earliest age at 
which spermatozoa appear in the testes is 34 da 3 '^s. If animals were h 3 qioph 3 \scc- 
tomized before this age, and injected with TP, the following results were noted: 

1. No spermatozoa developed when the operations were jierformcd before da 3 ^ 
29, and tubules exhibited much damage. 2. Some spermatozoa formed when 
operations were performed on or after da 3 ’' 29. Man 3 ' tubules, however, re- 
vealed degenerative changes, ^^dien In'poplu'scal or choi ionic gonadotropin 
was administered to rats h 3 ’j)oph 3 '.sectomizcd between the ages of 25 to .34 da 3 '.s, 
sperm formed in all instances, the .seminiferous tubules vcic unifoimL’ stimu- 
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lated, and appreciable increases in weight over the preoperative levels occurred 
in most of the testes. If treatment vdth TP was instituted in rats hypophysec- 
tomized after sperm normally formed, spermatozoa developed in larger numbers 
and tubules showed fewer signs of retrogression than in the younger animals 
\Yhich received androgen. 

Of particular interest was the occasional presence in the epididymides of masses 
of degenerating cells. These masses comprised giant cells, leucocytes, and 
various classes of gametes. They were found in the epididjunides of nearly all 
hypophysectomized rats which received TP, and in the veiy young hypophy- 
sectomized animals which had been treated vdth gonadotropins. Few such 
cells Avere seen in the epididymides of older hypophysectomized rats injected with 
sjmergist or PMS. 

The reason for the desquamation and transport of seminiferous epithelium 
into the epididymis is not knoAvn, although it is tempting to associate a high 
level of androgen vdth this phenomenon. Such correlation, of course, Avould be 
conjectural at this time. It seems AAmrth noting, hoA\m’er, that in the normal 
immature male rat development of the prostate and seminal vesicles is a gradual 
process reaching a peak at 80 days of age (8). In normal development, at least, 
early spermatogenesis occurs in the presence of relath'ely small amounts of 
androgen. 

On the basis of available data it does not seem reasonable to conclude that 
androgen is directly injurious to gametes, since many cells metamorphose into 
speimatozoa in the hj'’pophysectomized (4, 9) or intact (10) rat. Rather it 
Avould appear that androgens in some Avay cause geim cells to become detached 
from the tubular epithelium and to be transported to the epididjmis where they 
degenerate. Deleterious effects of androgenic substances on the speimatogenic 
epithelium in intact prepuberal rats (6) har^e been believed to be brought about 
indirectly by suppression of gonadotropic hormone in the anterior pituitary. 
Further work must be done to deteimine Avhether this latter theory is correct or 
Avhether the damage is occasioned by desquamation of gametes into the tubular 
lumina. The latter concept Avould seiwe to explain the apparently paradoxical 
observations (6) that the extent of testicular injury in immature intact rats 
treated Avith androgens is inversely proportional to the dose. It seems possible 
that the loAA'er doses simply Avere inadequate to promote spermatogenic der-elop- 
ment, and that no mediation of the pituitary Avas iimoh'^ed in the reaction. The 
damage noticed in the testes of A^ery Amung intact rats treated AA-ith androgen 
decreases Avith age (6, 10), and in hypophysectomized rats androgen causes in- 
creasingly better tubular development AAuth age (present study, and 4, 9), Per- 
haps age itself is not so much a factor in this differential response. Pos.sibl}’- in 
very young rats androgen brings about desquamation of gametes so rapidly that 
restoration of a stratified epithelium by replacement from spermatogonia is im- 
possible. This would account for the almost complete absence of germ cells 
which has been noted in some of the testes described in this report. 

There is still no conclusive evidence that male hormones stimulate germ 
cells directly. If TP Avas gametoldnetic in the present study, it differed in'^sev- 
eral respects from the gametokinetic gonadotropins. Both PMS and synergist 
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induced speiTnatogenesis in rats hypophysectomized before the age of 29 daj’-s; 
androgen failed in this respect. Sloughing of seminiferous epithelium was not 
so marked as to lead to tubular atrophy in rats receiving PMS or synergist; in 
TP-treated rats tubular desquamation was extensive. 

Tliis investigation throws little additional light upon the nature of the effect 
of androgen upon spermatogenesis. It does, however, emphasize that male 
hormone may directly induce sloughing of the germinal epithelium; and it sug- 
gests that transport of cells from the seminiferous tubules to the epididjunis maj^ 
be influenced by androgenic hormone. 

SUMMARY 

Testosterone propionate (TP), pregnant mare serum (PMS), and hypoph 3 ’-seal 
S3mergist were administered to rats h 3 ’^poph 3 ’^sectomized between the ages of 25 
to 44 days. 

1. Animals hypophysectomized before day 29. Both gonadotropins induced 
good tubular development and sperm formation. Testes of TP-treated animals 
showed much tubular damage and no differentiation of speimatozoa. Masses 
of degenerating cells, among wlflch many gametes were recognized, were seen 
in the epididymides. 

2. Animals h 3 ''poph 3 ’-sectomized between da 3 ’-s 29 and 34. Sperm developed 
in all treated animals. Both gonadotropic substances caused pronounced and 
uniform tubular growth and development. Testes of TP-injected rats exliibited 
considerable sloughing of seminiferous epithelium. Epididymides of rats 
receiving TP contained large numbers of degenerating elements transported 
from the testes. 

3. Animals hypoph 3 "sectomized between da 3 fs 35 and 44. Only TP was used 
in this series. Although there was little change in testicular weight, as com- 
pared with preoperative levels, tubular development was more uniform than in 
preceding groups, and greater numbers of spermatozoa formed. Some tubular 
damage was noticed, and most of the epidid 3 ^mides contained elements which 
had become detached from the seminiferous epithelium. 

Tubular damage following use of TP in intact and hypoph 3 ’'sectomized pre- 
puberal rats is discussed in the light of germ cell desquamation. The possibilit 3 ’' 
that androgen influences transport of germinal cells from testis to epidid 3 mis is 
suggested. 
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The literature contains numerous accounts of investigations dealing with the 
histologic aspects of axone regeneration in peripheral nerves. However, there 
is a paucity of quantitative information pertaining to the extent and velocity of 
functional restoration in the affected neuromuscular structures. The importance 
of such information is apparent when attempts are made to evaluate the effects 
of experimental conditions upon the course of regeneration. 

This report is concerned Mth the results of expeiiments on the gastrocnemius 
muscles and tibial nerves of the albino rat. This animal was selected for study 
because of its genetic homogeneity, short life span and the wealth of infoi-mation 
concerning its nutritional requirements. Studies on the histologic aspects of 
regeneration of peripheral nerves in this species have been reported by Greenman 
(1). The work herein reported is chieflj'- concerned nith quantitative measure- 
ments of muscle strength, mass and creatine concentration at various times during 
the course of degeneration and subsequent regeneration. In addition studies 
were made concerning the presence of fibrillary activity and acetylcholine sensi- 
thdty. Attention was also given to the roles of age, sex and body weight in the 
velocity and extent of regeneration. 

Experimental methoos. A total of more than 200 animals of knorvn age 
which had been reared on a standard diet were selected for study from a closelj’’ 
inbred stock. The operative procedures were carried out under light ether 
anesthesia. A standard lesion was made in the tibial nerve of one limb at the 
level of its iunction with the peroneal. This was accomplished by crushing the 
exposed neiwe with a coarse linen ligature against a metal rod. The nerve was 
released from its tie by cutting through the ligature doum to the rod. The 
lesions were made at the junction of the tibial and peroneal branches of the sciatic 
nerve in order to standardize the length of the nerve trunk involved. The 
tissues of the unoperated contralateral limb served as controls. Crushing was 
preferred to cutting and suture because by crushing the nerve sheaths remain 
intact and thereby afford a better alignment for reinneiwation. That crushing 
gives complete axone separation and paralysis of the gastrocnemius muscle is 
attested by the following observations: 1. Electrical stimulation of the nerve 
above the lesion immediately after the crashing resulted in no muscular con- 
traction. g. Electrical stimulation of the neiwe below the lesion after allowing 
three days for degeneration resulted in no muscular contraction. 3. The rates 
of muscle atrophy, loss of strength and decreases in creatine and glycogen con- 

» Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 
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centration were essentially the same in the muscles which had their motor neiwe 
supply crushed as in those udth cut motor nerves. 

Most of the studies were made 12, 18, 21, 28, 35, 42, 56 and 84 days after 
denervation. Muscle strength was determined by measuring the maximal 
isometric tension that would develop upon duect and indirect stimulation. The 
tendon of Achilles was cut and attached to a Blix type torsion rod. A portion 
of the femur was exposed and fixed in a rigid clamp.' The intact muscle was 
directly stimulated through two needle electrodes which pierced it, one at the 
tendon and the other at the origin. Adjustable silver electrodes were placed 
in contact -with the tibial nerve for indirect stimulation. Short volleys of slightly 
supeimaximal stimuli, either from an inductorium or as condenser discharges, 
were delivered to the muscle and nenm. The frequency and strength of the 
stimuli were such as were found to be adequate to give maximal tetanus tension. 
The extent of muscle shortening was measured from optical records. Muscle 
strength was considered to be the maximal tension developed in response to either 
direct stimulation of the muscle or of its motor nenm. Under the above experi- 
mental conditions the tension developed by nonnal muscle in response to nerve 
stimulation was approximately the same as that elicited by direct activation. 
At the conclusion of the strength measurements, the gastrocnemii were carefully 
dissected, weighed and analyzed for creatine. 

Observations were made in a series of animals concerning the time of onset 
and disappearance of fibrillary activity. This was done by the amplification of 
action potentials led from needle electrodes buried in the intact muscle and from 
visual observation of the exposed muscles. The sensitivity of the affected 
muscles to intravenous injections of acetylcholine was determined in a number 
of animals. Such muscles were considered relatively insensitive to acetylcholine 
if the intravenous injection of 0.5 mgm. of acetylcholine failed to elicit a detect- 
able contracture response in the muscles of animals which had previously received 
injections of 0.1 mgm. atropine sulfate and 0.1 mgm. eserine sulfate. 

Results. For a period of 12 daj'^s after denervation the muscles undenvent 
atrophy at a rate comparable to that found in muscles with sectioned neiwes 
when reinnervation was excluded. The rate of weight loss was much slower 
between the twelfth and twenty-first days (fig. 1). The continuance of some 
measure of weight loss after the onset of initial reinnervation is attributed to 
the fact that some muscle fibers made functional contacts with regenerating 
nerves sooner than others. Thus it appears as if for a certain period of time 
some fibers were undergoing regeneration while others were undergoing further 
atrophy. 

The average values for the regeneration of muscle mass at 21 days and later 
times after denervation are given in table 2. The relationship of the rate of 
muscle regeneration to time for these periods has been found to be defined by 
the equation: 

TF.;, 

Wr — W 


k = i logic 
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where fc is a coDstant calculated from individual data, t is the time in daj^s after 
denervation, Wcp is the relative mass of muscle cell phase in the normal contralat- 
eral control muscle (85 per cent of the weight of the muscle), TT'^r represents the 
relative mass of the regenerating muscle at time t and w equals the mass of non- 
muscle phase in noimal muscle (15 per cent of the weight of normal muscle). 
The correlation coefficient for 1/t and logio(Tl^r — w) was found to be 0.85. It 
is interesting to note that the formula for regeneration resembles that found to 
fit the grow'th rates of albino rats (3). 

The total tension developed in response to direct muscle stimulation had 
decreased to 40 per cent of that in the contralateral control at the end of 12 
daj's (fig. 1). During this time the loss of strength was found to be precisel}^ 
that lost by muscles with severed nerves. After the onset of reinnervation the 



Fig. 1. A graph of the average values for the gastrocnemii at various times after de- 
nervation. The gastrocnemius muscle of the unoperated contralateral limb constituted 
the control. 

muscles recovered strength. The recovery was due in part to an increased 
capacity of the muscle fiber per unit of mass to develop tension and in a larger 
measure to an increase in the size of the muscle with regeneration. 

The creatine concentration of muscle (table 1) for the first tw^elve da 3 "s following 
nerve crushing decreased by an amount comparable to that noted in muscle 
following nerve section (4). The restoration of muscle creatine is attributed 
to tw'o factors, one related to an actual increase in concentration within the muscle 
cell, the other to an increase in the ratio of creatine rich muscle cell phase to 
creatine poor interstitial tissue. The latter factor appears to be chiefly responsi- 
ble for the concentration changes taking place after 28 days. 

Muscular contraction could not be elicited through motor nerve stimulation 
prior to 12 days after denervation. The first detectable signs of reinnervation 
usually appeared at 12 to 15 daj^s after nerve crushing. Satisfactory measure- 
ments of the tension developed by muscle in response to nerve stimulation could 
be made after the eighteenth day. The tension values increased rapidly until 




530 


H. M. HINES, J. D. THOMSON AND B. LA,ZEEE 


about the forty-second das’- and, thereafter, tended to parallel the rate of muscle 
regeneration (fig. 1). 

Fibrillary contractions made their appearance at 48 to 72 hours afternei-ve 
crushing and persisted until about the sixteenth to eighteenth day. The time 
of their disappearance was approximately that for the earliest signs of reinneiwa- 
tion as measured by the ability of the nerve to activate its muscle. The de- 
nervated muscle displaji'ed an increased sensitivity to acetylcholine. Following 

TABLE 1 


A summary of average values for control and experimental gastrocnemii 


TIME ATTES 

IE SION 

NUMBER or 
ANIMALS 

TENSION PER GRAM MUSCEE WHEN ACTIVATED THEODGH 

CREATINE IN MGM. PEE 

100 GMS. MUSCLE 

1 Nerve 

Muscle 



Crushed 

Control 

Crushed 

Control 

Cru.shed 

Control 

days 


gms. 

gms. 

gms. 

£jns. 



12 

14 



1204 

1877 

340 

452 

18 

14 

657 

1954 

1506 

2074 

353 

450 

21 

33 

728 

1762 

1469 

1874 

373 

463 ' 

28 

34 

928 

1421 

1364 

1715 

410 

458 

35 

20 

1311 

1571 

1684 

1908 

396 

451 

42 

9 

1580 

1820 

1707 

1877 



56 

19 

1442 

1686 

1629 

1825 

425 

461 

84 

12 

1502 

1693 

1538 

1701 

454 

483 


TABLE 2 

The rate of muscle weight regeneration 


TIME ATTER DENERVATION, i 1 

1 

NUMBER or ANIMALS i 

JtELATlVS WBICRT OF 
REGENERATING MUSCLE,* Wf 


days 

21 

34 

61.9 

5.47 ± 0.17 

28 

13 

72.4 

4.83 ± 0.38 

35 

20 

73.0 

5.89 ± 0.40 

42 

9 

79.0 

5.24 ±0.51 

56 

19 

85.2 

4.73 ± 0.36 

84 

21 

88.1 

5.72 ±1.13 


* In per cent of that in contralateral control. 

t The values for k and standard errors are calculated from individual data. 


the onset of reinnervation this sensitndty when measured by the typical con- 
tracture response w’as found to decrease but some etddence of this state was still 
present as late as 35 days after neiwe crusliing. It is to be noted that the 
regenerating muscle exhibits an increased sensitivity to acetylcholine for a con- 
siderable period of time after the disappearance of fibrillary activity. 

The results of experiments (fig. 2) in which determinations of muscle v eight 
and strength were made 28 da 5 ’’s after dener\’'ation in groups of animals 60, 96, 
117, 180, 280, 292, 362 days of age at the time of operation indicate the influence 
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of age upon the rate of neuromuscular regeneration. The data indicate that 
regeneration was slower in the older than in the younger animals and in certain 
age ranges (e.g., 96 to 117 daj’-s) a difference of only 21 days w'as suflBcient to affect 
appreciably the regeneration rates. It is believed that these effects were due in 
part to the role of age per se in regeneration rates and in part to the greater dis- 
tance required for nerve grovTh in the older and larger animals. The importance 
of the distance factor is emphasized hy the results of experiments in which the 
standard lesion was made in the nerve of one limb at the junction of the peroneal 
and tibial nerves and in the contralateral limb as close to the muscle as possible. 
This allowed for an average difference of 17 mm. in the lengths of the crushed 
nerves. Studies made 28 days after the operation showed that the muscles vith 
distal lesions were more than 20 per cent heavier and stronger than those vdth 
the lesions at the higher levels. It is recognized that appreciable groN\Th occurred 



Fig. 2. Average values for the determinations made 2S days after denervation on animals 
of different ages. 


in the muscles of the younger animals during the four weeks after operation. It 
should be pointed out, however, that if corrections were to be made for any un- 
equal growth increments in the control and experimental muscles they would 
tend o^y to emphasize further the effects of age upon the velocity of regeneration. 

e slightly faster rates of regeneration in the female groups are of the order 
of that required by the slightly shorter length of nerve pathway in the smaller 
females as compared vdth that in larger males of the same age 
_ Our results indicate that the extent and rate of muscle and nen^e regeneration 
is lemarkably constant in any group of rats of the same age, sex and body weight 
if attention be pven to an exact location of the lesion, menever possible 
he contralateral limbs should be emp%ed as controls for the regeneration 
exTienmen ts i.e., lesions placed in the nerves of the two limbs, one serving as tS 
expenmental member, the opposite as its control. However, where \his is 
possible, as in drug and nutrition studies, it is necessary to employ animals 



532 


H. M. HINES, J. D. THOMSON AND B. LAZERE 


paired as to age, sex and body weight in order to allow a proper evaluation of any 
regeneration studies. 


SUMMARY 

A study has been made of regeneration in the gastrocnemius muscles and 
tibial nerves of more than 200 albino rats at 12, 18, 21, 28, 35, 42, 56 and 84 
days after denervation. 

Regeneration after nerve crushing was remarkably constant in animals of the 
same age, sex and body weight. It was definitely slower in older than in jmunger 
animals. 

The earliest signs of functional reinnervation appeared at 12 td 15 days after 
denervation. At approximatelj'- this time fibrillary activity had disappeared 
but an increased sensitivity to acetylcholine was noted for as long as 35 days. 

Muscle strength as measured by isometric tension responses to direct and 
indirect (nerve) stimulation increased rapidly after initial reinnervation until 
the thirty-fifth day. Subsequent recovery of strength was slower and was largely 
accounted for by the increase in muscle mass. 

The data for the rate of regeneration of muscle weight was found to fit a fonnula 
essentially that expressing the body growth rate. 

At 84 days the muscles undergoing regeneration possessed from 80 to 90 
per cent of the creatine content, weight and strength of their contralateral 
controls. 
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Studies on the respiratory metabolism of fishes have shown even prolonged 
treatment with thyroid substance fails to produce an increase in oxygen con- 
sumption (Etkin, Root and Mofshin, 1940). In this respect the metabolism of 
fishes differs markedlj’’ from that of mammals. As to the effect of adrenalin on 
the oxygen consumption of fishes, we ai'e not aware of any studies on this point. 
To ascertain what such an effect might be we undertook the following investiga- 
tions, the results of which indicate that fishes respond to adrenalin, as they do to 
th 5 U’Oxine, in a manner quite different from that typically seen in mammals. 
These studies were made at the Scripps Oceanographic Institute of the Univer- 
sity of California at La Jolla. We are greatly indebted to Dr. F. B. Sumner and 
to Dr. H. U. Sverdrup and the other members of the staff for the many courtesies 
extended to us while cariying on this work. 

Methods. Because of its availability and size, Girclla nigricans, a teleost 
fish common to the shore ivaters of the California coast, was chosen for this work. 
From stock animals well adapted to aquarium conditions fifty to ninety gram 
specimens were selected and carefully weighed before the experiments were 
begun. 

Oxygen consumption was determined by an open circuit method. The ap- 
paratus consisted of a set of wdde-mouthed bottles, with a capacity of about two 
liters, in which the animals fitted comfortably. While the fish were restless dur- 
ing the first few hours in the containers, ultimately they quieted dowm and re- 
mained practically motionless for protracted periods. Their stay in the con- 
tainers varied from three to seventeen days. Experience taught us that feeding 
w^as necessary if we washed to maintain them in good health for more than five 
or six days. In tw'o instances experiments were done on the day after feeding 
and in neither case w^ere the results significantly different from those obtained 
on animals that had fasted for twenty-four hours or more. 

The respiration chamber itself was placed in a bath the temperature of wkich 
w^as thermostatically maintained between 19.5°C. and 20.5°C. Sea water w’as 
circulated through the chamber at a fixed rate which was deteimined daily. 
The rate of flow from chamber to chamber varied from 100 to 200 cc./min. and 
when pioperly adjusted this rate did not vary more than 2 cc. during the course 
of the day, providing the chamber was not disturbed. Special precautions w'ere 
taken to prevent bubbles from forming in the bottles. When an occasional 
bubble did form the chamber was opened, the bubble removed and a day allowed 
for equihbnum to be reestablished. Accumulated organic material such as 
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feces, which appeared only after feeding or immediately after placing the fish in 
the bottle, was treated in the same way. 

Samples of sea water were taken before and after having passed through the 
chamber. Special fiasks suitably designed for this purpose were used and the 
usual precautions taken to prevent contamination with air. Oxygen determina- 
tions were made ■with the AVinkler method. Duplicate samples were taken and 
each sample was analyzed separately. From the differences in oxygen content 
of the inflow and outflow waters, and from the rate of flow through the chamber, 
the amount of oxygen removed by the fish was readily calculated. This was 
expressed in cc./gm./hr. No attempt was made to determine carbon dioxide 
production nor to calculate the respiratory quotient. 

Conceivably a certain fraction of the oxygen difference between inflow and 
outflow waters might be due to oxygen utilization by bacteria and plankton 

TABLE 1 

Oxygen consumption of girella nigricans in cc./gm.fhr. 

6 
z 

B 
c/l 

lA 
IB 
2A 
2B 
3A 
3B 
4A 
4B 
5A 
6B 
6A 
6B 

• Fed. 

present in the sea water flowing through the chambers. Checks were therefore 
made on the oxygen content of the water before and after flowing through a 
chamber containing no fish. In no case was anj'' significant difference obtained. 
Therefore at the rate of flow used the oxygen consumption of any micro-or- 
ganisms present in the water was so slight as to be of little or no consequence and 
was therefore ignored in calculating the results. 

^^'hat might be called a resting or basal oxygen consumption was determined 
on each fish eveiy morning whenever possible. This was not done if an}'" bubbles 
had accumulated in the chamber during the night. Records of these deter- 
minations are presented in table 1 . They show the length of time required for 
each fish to adapt itself to the bottles and the daily fluctuations in their oxygen 
consumptions under the conditions of the experiment. Since the samples were 
alwa3'S collected in the morning after an all night period of equilibration and 
before the animals were disturbed in an}’^ wa3' b3' laborator3’’ procedures the values 
are probabb' as near basal as it is possible to get with this method. These results 
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were' used as control values for any experiment done upon the fish during that 
day. 

Results. To know what effect adrenalin might have on oxygen consumption 
it was necessary to determine first how this might be changed by handling the 
fish preparatory to injection. Therefore a series of control experiments was 
performed in which 0.5 to 1.0 cc. of sea water was injected intraperitoneally in 
the same manner and amount as was adrenalin. The fish were immediately re- 
turned to the bottles after the injection and samples were collected from time to 
time. Since chloretone was present as a preseiwative in concentrations of 0.5 
per cent in the adrenalin used it was also necessary to determine what effect if 
any this substance might have on oxygen consumption. To this end 0.2 cc. to 
0.3 cc. of 0.5 per cent chloretone was injected in the fish, amounts equivalent to 
that introduced on the injection of adrenalin. Table 2 summarizes the data 

TABLE 2 

Oxygen consumption in girella nigricans after control injections of sea water 

or 0.5% chloretone 


Oxygen consumption in cc./gm./hr. 
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1 cc. sea water 

0.098 
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0.126 

SB 

89.0 
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obtained from these control experiments. As the table shows the injection of 
either sea water or chloretone appreciably raised the oxygen consumiition 
during the first hour following injection. Following this the ox 3 'gen uptake 
either began to fall immediately or tended to remain at the higher level for about 
a half an hour longer, in both cases reaching the pre-injection level some two or 
three hours later. Since the effects of injecting sea water and chloretone were 
found to be the same, it was concluded that these concentrations of chloretone 
had no effect on oxygen utilization in these fishes. 

The results indicate that increased muscular activity of the fish aroused by 
handling was sufficient to produce a marked increase in oxygen consumption. 
It must be emphasized here that the method used does not precisely follow the 
chang^ .n oxygm utilization. When for any reason the oxj'gen i-equirements of 
the fish change it takes some time for the chamber to establish a new equilibrium 
between this new value and the flow of water through the chamber. It is doubt- 
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ful whether this method ever exactlj’’ gives the true maximum or minimum unless 
this is maintained for some time, but it does very definitelj* indicate the direction 
of the change and gives an approximately correct idea of its magnitude. 

To determine the effect of adrenalin upon oxygen consumption amounts varj^- 
ing from 1.0 cc. of 1/1000 to 0.2 cc. of 1/10000 adrenalin chloi’ide were injected 
intra-peritoneally, as in the case of sea water and chloretone. After injection 

TABLE 3 


Effect of adrenalin upon oxygen consumption of girella nigricans 
Oxygen consumption in cc./gm./hr. 
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* — = No color change. 


the fish were replaced in the bottles and samples were taken at varying intervals 
and analyzed. The results ma 3 ’’ be divided into three groups as shown in table 3. 

In the first group were fish which received the smaller doses of adrenalin. The 
fish falling into this categoiy showed a change in their oxj'gen consumption which 
paralleled that seen in animals injected vith sea water or chloretone. These 
fish also showed no color change on injection. As is well known adrenalin in 
adequate amounts produces a marked paling of teleost fishes due to a con- 
centration of all pigment within the melanophores. This paling occurs quite 
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independently of tlie color of the background or any other environmental factor. 
The presence or absence of such a color response tells whether adrenalin is pres- 
ent in the blood in sufficiently high concentration to affect the pigment cells. 
Although there is no proof that the dose of adrenalin capable of affecting these 
cells is the same as that affecting the oxygen utilization of the animal, we may 
reasonably expect it to be at least of the same order of magnitude. For this 
reason, together ndth the close resemblance to the responses seen in the control 
animals, it was concluded that the injected adrenalin had no effect on the oxygen 
consumption of these fishes because the amounts given were too small. 

The second group comprised those fish which either paled completely on in-- 
jection or else showed pale splotches on their sides. The latter are designated 
as “splotchy” in table 3. All these fishes without exception showed a marked 
fall in oxygen consumption, maximal about tliirty minutes after injection. The 
pre-injection level was not attained until two or three hours later. This fall in 
ox 5 'gen consumption produced by the injection of adrenalin is all the more strik- 
ing since, as has been shown, the injection of control animals always occasioned 
a definite rise. No attempt was made to relate the amount of fall to the size of 
the dose. We felt such an attempt would be futile for in spite of all reasonable 
precautions we could never be sure how much of the injected dose actually stayed 
in the animal. On withdrawal of the needle a certain amount of adrenalin often 
oozed out of the puncture in the fish’s side. Animals in this group showed no 
outward change other than paling. This paling disappeared and was replaced 
by the original dark color about two hours after injection, coincident with the 
return of oxygen consumption to pre-injection levels. This confiims our view 
that the two responses have approximately the same threshold. 

The third group, the animals receiving the largest doses, behaved in still a 
different manner. As was to be expected, they all showed mailced paling .shortly 
after injection accompanied by a marked fall in oxygen consumption. "This fall, 
instead of reversing itself within an hour or so, continued until the animal died. 
Death occurred anj^where from two to three hours after injection. Obviously 
the dose of adrenalin injected was toxic. During the entire time up to and after 
death the animal remained pale. 


Discussion. Adrenalin, then, in doses ranging from 1 cc. of 1/1000 to 0.2 
cc. of 1/10000 either depresses oxj^gen consumption in Girella or affects it not at 
all. The largest doses in this range are toxic and the smallest are ineffective. 
The intermediate doses depress oxygen consumption without visibl 3 " affecting 
the behavior of the fish. The margin between lethal and non-Iethal doses 
appears to be narrow. This raises the question as to whether the obseiwed 
response to adrenalin can have any physiological significance. We are not pre- 
pared at the moment to answer this ivith any finality. 

The parallelism between the effective depressing dose on ox 3 '^gen consumption 
and the dose capable of concentrating the melanophore pigment is, however 
stnking and deserves emphasis. Wliether adrenalin plays any ph3^siologicai 
role in regulating color change is a controversial point. Certain fishes are 
known to pale when excited. In fact, the term “excitement pallor” is a common 
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one in the literature on color changes. But this does not necessarily mean that 
excitement leads to the release of adrenalin, although the weight of the evidence 
strongly favors this view. If adrenalin is responsible in fishes for “excitement 
pallor” it might also at the same time depress ox 3 ’’gen consumption. It would 
be interesting to know if adrenalin originating in the fish’s omi body is capable of 
doing this in the face of increased muscular activit}'', as is injected mammalian 
adrenalin. As a rule “excitement pallor” in fishes is a transitory phenomenon 
and lasts but a few minutes. 

The dose of adrenalin required to produce either a change in color or a change 
in oxygen consumption in Girella is huge as compared to doses capable of pro- 
ducing responses in mammals. The adrenalin used in these experiments was of 
course derived from mammalian glands. I^Tiether adrenalin derived from fish 
chromaffin tissue (if such is possible) Avould have the same threshold as mam- 
malian adrenalin is doubtful. It is difficult to believe that the adrenalin secret- 
ing tissue of the fish would be capable of secreting such large amounts in such a 
short time. 

In the mammal adrenalin produces a rise in oxj'^gen consumption of consider- 
able magnitude and its release is generallj'- held to be one of the mechanisms 
responsible for quickl}^ increasing heat production. The fish, of course, is not 
confronted vdth the problem of regulating body temperature. Recentl}'- Barker, 
Fazikas and Himvdch (1936) have shown that while adrenalin injected sub- 
cutaneouslj’’ in the rat will markedly increase oxj’-gen consumption, in the 
thyroidectomized animal similar doses produce a 20 to 25 per cent fall. No 
attempt was made to determine the degree of activitj'^ of the th 3 ’'roid of the fishes 
used in our e.xperiments. From what is knorni of other teleosts it is possible 
that this gland was ph 3 ’^siologicall 3 ’' inactive, a condition which might have some 
bearing on our results. 

SUMMARY 

Adrenalin when given intra-peritoneall 3 ’- in effective doses depresses the 
0 X 3 ’’gen consumption of the fish, Girella nigricans. 
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Several metHbds, essentially the same in principle, have been used for deter- 
mining the circulating eiythrocjde and, especiallj’’, plasma volumes in ani- 
mals. 

Radioactive elements appear to have two advantages for 'such work. Their 
use need introduce no foreign compound and their determination is completely 
specific in any blood into which other radioactive elements have not been 
introduced. 

Radioactive iron combined in the hemoglobin of the erythrocyte (1, 2) has 
recently been used for determining erythrocyte volumes. Iron has the great 
advantage of essentially permanent retention within the cell, but requires a 
donor animal to furnish the cells. Hahn and Hevesy (3) have used radioactive 
phosphorus. Their method also specifies a donor animal to furnish cells con- 
taining the radioactive phosphorus as organic phosphate. 

Since phosphate containing the radioactive P®- was available through the 
courtesy of Dr. John H. Lam-ence, experiments were started nith it but along 
simpler lines. Phosphate leaves circulating plasma very rapidly but it seemed 
possible that phosphate introduced into the erjrihrocytes in vitro would, after 
reintroducing the cells into the circulation, be retained long enough to be of 
value. That ordinaiy phosphate enters the eiythrocjrie and that it does so 
with a large temperatui’e coefficient has been showm bj'^ a number of authors, 
most recently by Halpern (4) wEo also gives references to the earlier w'ork. 
The large temperature coefficient indicates that the process is more involved 
than simple diffusion. This w'ork has been confirmed with radioactive phos- 
phate on rabbit (5, 6) and human (7) erythrocjries. At 37°C. Aten and Heves}' 
report that 50 per cent of the radioactive phosphate entered rabbit erythrocytes 
in 3 hours while 22 to 44 per cent entered human erythrocjffes in 4 hours. 

In the work here reported the net rates of transfer of radioactive phosphate 
into and out of rabbit eiythrocytes in vitro wm-e studied first. The rate of loss 
was low enough so that similar experiments in vivo with cells containing radio- 
active phosphate w^ere w^orth trying. Data have therefore been obtained on 
the rate of loss of radioactivity from the circulating blood of rabbits into which 
such cells had been introduced. From these same data values for the cir- 
culating erythrocyte volumes and the apparent circulating blood volumes 
have also been calculated. 

IMethods. For the in vitro experiments disodium hydi’Ogen phosphate 0 2 
to 0.4 mgm. per ml., containing was added to rabbit blood and a gas mixture 
containing 5 per cent carbon dioxide and 95 per cent oxygen or nitrogen was 
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bubbled through it. The blood was then incubated at 37°C. with stirring by 
hand every 15 minutes and 0.1 or 0.2 ml. samples were withdrawn at various 
times. The determination of the radioactivity^ of the washed cells and of the 
plasma plus washings was done, after drying at 100°C., on a Geiger-Miiller 
counter. 

The rate of loss of radioactive phosphate from erythrocytes was determined 
on cells incubated under the conditions given above, washed with sodium chlo- 
ride solution and resuspended in fresh plasma containing no active phosphate. 
The suspension of cells was then incubated as before and samples withdra^Yn 
at intervals. The cells of the samples were again washed and the radioactivity 
of the cells and of the plasma plus washings detemrined. 

White rabbits, three to five months old, were used for the experiments. A 
2 or 3 ml. sample of blood was drawn for each experiment, with 0.1 to 0.2 
per cent potassium oxalate as an anticoagulant, and the cells allowed to pick 
up radioactive phosphate as described above. After about 3 hours, the cells 
were centrifuged, washed, suspended in sodium chloride solution and a carefully 
measured volume (2-3 mis.) of the cell suspension was reinjected intravenously 
into the ear of the same rabbit from which the cells had been drawn. Samples 
of blood were then obtained from the opposite marginal ear vein at various times 
after injection to see how completely the radioactivity was retained in the circu- 
lation. These samples were collected in 0.2 ml. pipettes containing anticoagu- 
lant. The radioactivity was determined after the sample had been dried. 

The percentage of cells in the blood of each rabbit was determined after 
centrifuging the blood 20 minutes and 30 minutes at 4000 r.p.m. in 0.7 to 0.8 mm. 
capillary tubes. The average values obtained in each of two complete experi- 
ments done one week apart were 35.7 per cent (33.2-38.6) and 36.3 per cent 
(34-38.9) cells. 

Results. The two lower curves in figure 1 show the maximum and minimum 
rates of entrance of retained radioactive phosphate in the last dozen expen- 
ments. The vertical coordinate gives the fraction of the total radioactive phos- 
phate added which remained in the cells after washing. 

The upper curves in figure 1 show representative rates of loss from cells. 
It is evident that the rate of loss in vitro is much slower than the rate of entrance 
under these conditions. Apart from old cells Avhich gave anomalous results, 
only one experiment showed a rapid rate of loss. The slower rate of loss as 
compared to entrj’’ under these conditions is not especially surprising. It seems 
reasonable, for instance, that the gradient of inorganic phosphate containing 
P^- may be greater going into the cell because of reactions inside which maintain 
the radioactive inorganic phosphate at a low concentration there. Aten and 
Heves}’’ (5, 6) state that phosphate exchange in the more easily hydrolyzable 
portion (about one-half) of the ester phosphate fraction vfithin the cell takes 
place vei 3 ' rapidb'. 

Pigure 2 shows the rate of loss of activity from the circulation in nine experi- 

^ I am indebted to Mr. I\Iarinelli for his cooperation in making available his experience 
and equipment for these determinations. 
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ments with rabhits. The activity is giveu in. arbitrary units, the average of the 
samples -withdravTi within 25 minutes having been set equal to 100 for each 
experiment. Each individual value was then calculated relative to this. The 
curve as drawn represents the maximum rate of loss from the circulation and 
hence the least favorable experiments. This loss was about 8 per cent in the 
20 minutes after the first sample. Each type of sjmibol represents a different 
experiment and it is clear that several experiments shorved a definitely slow ei 
rate of loss than this.^ Since, at least in normal animals, samples may be 
drawn safely ten minutes after injection, this rate of loss is not too great for 
determinations of circulating erythrocjrie volume. Hahn and Hevesy (3) found 
a 6 per cent loss in 26 minutes from the soluble phosphate fraction and a 10 per 
cent loss in 60 minutes from the phosphatide fraction. 

From the same set of experiments the total circulating erythrocyte volume 
can be calculated. This volume in milliliters equals the total radioactivity in 
the injected cells (microcuries) divided by the concentration of radioactivity 



(microcuries/ml) in the cells of the blood samples taken after the injection. 
This concentration was taken as equal to the concentration in the whole blood 
samples (microcuries/ml) divided by the average hematocrit value (36 per cent). 
The average concentration in the blood samples drawm within tw^enty-five 
minutes after injection was used for the calculation. Table 1 gives the data 
from seven experiments after dividing by the -weight of the animal and reducing 
each value by 5 per cent to allow for extrapolation back to zero time. 

From the circulating erythroGj-te volume, or directly from the original data, 
an apparent circulating blood volume can be calculated if it is assumed that the 
ratio of cells to plasma is constant throughout the circulation. The apparent 
circulating blood volume in milliliters equals the total radioactivity injected 
(microcuries) dhdded by the concentration of radioactivity (microciuies/ml.) 
in the blood samples. Arithmetically this is the equivalent of dividing the 

= Aluch of the random fluctuation within a single experiment is apparently due to errors 
in the radioactive measurements. The size of this error depends upon the intensity of the 
radiation in the different experiments unless a prohibitive amount of time is taken for 
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erythrocyte volume by the hematocrit reading of 36 'per cent and gives an 
average value of 53 db 4 mls./kgm. of body weight. 

Blood volumes calculated in this Avay are only “apparent” because the calcu- 
lation depends on a constant ratio of cells to plasma throughout the circulation. 
According to the work of Whipple (8) and collaborators on dogs and of Fahr- 
aeus (9, 10) this is not true, and such blood volumes may be systematically in 
error whether calculated by means of plasma or erythrocyte volumes. 

Hahn and Hevesy (3) report an apparent blood volume of 38 ml/kgm. and 
46 ml/kgm. in two rabbits using their method for erythrocj’^tes. An average 
blood volume in rabbits of 70 ml/kgm. based on the dye method for plasma 
volume has been reported (11). One of the Hahn and Hevesy values is -within 
the range of the present experiments but the other seems definitely lower. The 
discrepancy between all of- the blood volume values based on erythrocyte and 
those based on plasma determinations is about the same as that previously 
found (1) in the dog and ascribed to non-uniform erythrocyte distribution. 


TABLE 1 


1 

EXPERIMENT | 

CIRCULATING ERYTHROCYTE VOLUITE 

IN MLS./KGM. OE BODY WEIGHT 

1 

20 

5 

17 

6 

18 

7 

22 

8 

18 

9 

18 

10 

21 


Average 19 ± 1.4 mls./kgm. 


In conclusion, then, the method gives reasonable values for the rabbit as far 
as the scanty data in the literature go. Previously described methods using 
radioactive elements obtain cells from donor animals which makes application 
to humans very difficult. The present method is, Avith minor changes, now 
being tried on humans with encouraging results so far. 

SUjMMARY 

The measured loss from circulating rabbit blood of radioactive phosphate, 
contained in erythrocytes into wliich it had been introduced in vitro, was 
found to be fairly low in the period from 5 to 25 minutes after injection. This 
fact permits the use of such cells as the basis of a relatively simple method for 
determining circulating er 3 ’'throcyte volumes in these animals. 

I am indebted to Doctor Failla for his discussions and for his helpful intei'est 
in the problem. I am also grateful to the Works Projects Administration for 
assistance given under Project 24. 
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Teel, Gaebler and Lee and their co-workers observed several years ago that 
pituitary extracts caused nitrogen retention in dogs (1, 2) and rats (3). Since 
the pituitary preparations available at the time were only partially purified, con- 
sisting of combinations of several of the pituitary hormones, it was not possible 
to attribute imequivocally the observed effects to the action of any one of the 
different constituents of pituitary extracts. Sufficient advance has recently 
been made in the separation of the six generally recognized pituitary hormones, 
so that one can now attempt to determine which components of pituitary ex- 
tracts influence nitrogen metabolism. The present paper reports experiments 
in which highly purified pituitary hormone preparations were compared as to 
their action on urine nitrogen in rats.^ 

Experimental. Method. Total urinary nitrogen excretion was measured in 
normal “plateaued” female rats during a period of 24 hours. For collection of 
the urine, the animals were kept in cages equipped with screen bottoms, and a 
pan of corresponding size was put xmder each cage, containing a sheet of filter 
paper moistened with a solution of 3 per cent benzoic acid in 50 per cent alcohol 
as preservative (5). After termination of the collection period, feces were re- 
moved from the filters, and pan and filters washed repeatedly with hot water. 
The combined washings of each sample were made up to 1 liter, and then 1.0 cc. 
samples taken for micro Kjeldahl determinations of total nitrogen. 

It was considered important to keep food consumption identical for both ex- 
perimental and control rats. Two series of experiments were carried out. In 
the first, the rats were kept four in a cage, and they were fasted during the 
experimental period. In the second series the animals were kept in smaller 
cages, one rat per cage, and each animal of both experimental and control groups 
received 7 grams’ diet®, an amount which is only a fraction of the average dail}’’ 
normal food consumption. Any animal which did not eat the whole amount of 
food, was not included in the results. The food was given in glass containers 
vith a special top to prevent loss through scattering. 

In one series of experiments, the effect of hormone treatment was to be studied 

^ Aided by grants from the Research Board of the University of California and from 
the National Research Council Committee on Research in Endocrinology. Assistance was 
rendered by the Works Projects Administration — Official Project no. 65-1-08-62, Unit A-5. 

- A similar investigation concerning effects of purified pituitary hormones on nonprotein 
nitrogen constituents of blood, was carried out recently by J. Fraenkel-Conrat, H. Fraenkel- 
Conrat and H. M. Evans (4). 

3 “Diet XIV” of this Laboratory: 67 per cent whole wheat (ground) ; 5 per cent fish oil; 

5 per cent casein ; 10 per cent alfalfa leaf meal ; 3 per cent N aCl ; 10 per cent fish meal . 
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in the absence of the thyroid gland. For this purpose, female rats were thy- 
roidectomized^ at 53 to 54 days of age®, and used about a month later for the 
experiments. Completeness of the operation was checked by determining the 
metabolic rate of the thyroidectomized animals; retardation of groivtli served as 
additional criterion. The site of operation was also carefully examined at au- 
topsy for gland fragments. 

Hormone preparations. The hormone preparations were administered in saline 
solution, in two intraperitoneal injections, 4-5 hours apart, the first about one 
hour previous to the onset of the period of urine collection. 

The following hormone preparations were used: 1. Alkaline extracts of beef 
anterior pituitary, containing all known pituitary hormones. 2. “Globulin 
fractions”, obtained by precipitation at 0.5 saturated ammonium sulfate (6). 
These fractions contained most known pituitary hormones, with exception of the 
follicle stimulating hormone. 3. Purified pituitary growth hormone prepara- 
tions having a minimal effective dose of about 30 micrograms (daily, 10 day test 
in hypophysectomized rats) (7). In these preparations, follicle stimulating, 
interstitial cell stimulating, adrenocorticotropic and thyrotropic hormones were 
not demonstrable at 5 mgm. (total dose, 10 day test in hypophysectomized rats), 
and lactogenic hormone not at 20 mgm. (total dose, systemic crop test in 
squabs). 4. Purified pituitary thyrotropic hormone preparations®, haidng a 
minimal effective dose of 20 micrograms (total dose, 5 day test in chicks) (8). 
In these preparations, interstitial cell stimulating hormone was demonstrable 
at about 0.10 to 0.15 mgm. (total dose, 3 day test in hypophysectomized rats), 
and small amounts of growth promoting activity at 5 mgm. (total dose, 10 day 
test in hspophysectomized rats). However, assays of thyrotropic hormone 
preparations for growth hormone contamination are equivocal, since thyroxin 
causes similar insignificant body weight increases; when given to hypophy- 
sectomized rats at “corresponding” doses’', and in view of the synergism between 
growth hormone and thyrotropic hormone reported recently (9). Therefore, 
the apparent growth hormone contamination of about 1 per cent ought to be 
considered only as a maximum value. 5. Purified pituitary lactogenic hormone 
preparations®, having a potency of about 30 international units per milligram 
(10). In these preparations no gonadotropic or thyrotropic hormones were de- 
monstrable at 100 mgm. (total dose, 10 day test in hypophysectomized rats), 
but a small amount of adrenocorticotropic activity. It is problematical whether 
an insignificant body weight gain resulting occasionally at these high dose levels 
was due to a contamination with growth hormone. 6. A purified pituitary fol- 
licle stimulating hormone preparation® which had a minimal effective dose of 20 
micrograms (total dose, 3 day test in hypophysectomized rats) and whose only' 


' Thyroidectomies were kindly performed by Dr. W. O. Reinhardt 
' Only 4 out of 31 animals were about 8 months old at operation 
Ivindly supplied by J. Fraenkel-Conrat. 

' Dose levels comparable in their ability to raise the o.xygen consumption in the hv 
pophysectomized rat. (H. Fraenkel-Conrat and V. V. Herring unpublished 'i ' ^ 
« Kindly supplied by Dr. W. R. Lyons. ^ 

® ICindly supplied by Dr. H. Fraenkel-Conrat. 
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contamination \vas interstitial cell stimulating hormone (11). 7. A purified pi- 
tuitaiA^ interstitial cell stimulating hormone preparation^® vdiich had a minimal 
effective dose of 10 micrograms (dailj’- dose, 3 daj^ test in hj'-pophysectomized 
rats), and which was practicalh' free of all other recognized pituitary hormones 
(12). S. Commercial preparations of th 3 'Toxin, adrenal cortex extract and pro- 
tamine zinc insulin.^^ 

Results. The changes in urinary nitrogen excretion produced in fasting rats 
by successive dilutions of the “alkaline extract” and of the “globulin fraction” 
are shown in table 1. The data of this series were not treated statistical^, since 
only 3 separate urine samples were obtained per group in each experiment (3 
cages per group, 4 rats per cage pooled). The results summarized in table 1 
indicate a drop in nitrogen excretion up to 32 per cent, which is in agreement 
mth observations of previous authors (1, 2, 3). The response decreased with 
decreasing dose, but the correlation was not sufficient to provide a quantitative 
method for assay of the active principle. Such a high variation has been re- 
ported previously (2, 13). 

The results are, however, consistent enough to justify use of the method to 
investigate which components of pituitary extracts are responsible for the ob- 
served effects. For this purpose the nitrogen retaining power of highly purified 
pituitary hormone preparations was determined in fasted rats at a dose of 5 mgm. 
This was the lowest dose level at which the globulin “fraction” had caused sig- 
nificant effects in fasted rats. The results, summarized in table 2, indicate that, 
of the purified pituitarj’- hormones, growth hormone had the most marked effect. 
A smaller decrease in urinary nitrogen was produced by thyrotropic hormone, 
while lactogenic hormone caused a reduction of only 13 per cent, a result whose 
significance is questionable. That the observed effects are specific and not given 
by any protein, is shovm bj" the negative results obtained after injection of 5 
mgm. follicle stimulating hormone or 20 mgm. casein. Thyroxin and adrenal 
cortex extract had no effects at the dose levels tested. 

In the second series of experiments, carried out with paired feeding, the 
amount of excreted nitrogen was larger and the sensitivity to injected hormones 
higher than in fasted rats. Under these conditions, the lowest dose of the glob- 
ulin fraction which caused significant effects was estimated to be one milligram. 
The purified pituitarj’^ hormones were, therefore, injected at 1 mgm. doses. As 
the rats were kept in separate cages, the number of urine samples collected sepa- 
rately was sufficient for calculation of standard errors. A result was considered 
significant when D = 3 X Sd (D = difference in urinary nitrogen excretion 
between experimental and control rats, Sd = standard error of the difference). 
Table 3 shows that growth hormone again had the most marked effect on nitro- 
gen retention. Th 5 '’rotropic hormone was next in potenc}’' causing a statistical^’' 
significant decrease in urine nitrogen. Lactogenic hormone produced a 15 per 

Kindly supplied by Dr. C. H. Li. 

11 ■\Ve are indebted to the Schering Corporation for crystalline thyro.xin, to the Upjohn 
Company for adrenal corte.x extract, and to Eli Lilly and Company for protamine zinc in- 
sulin. 
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cent drop which was, however, not statistically significant. Interstitial cell 
stimulating hormone, thyroxin and insulin had no effect at the levels tested. 

Experiments carried out in a similar manner with thyroidectomized rats are 
summarized in table 4 which indicates that both thyrotropic and growth hor- 
mones reduced urine nitrogen in the absence as well as in the presence of the 
thyroid gland. 

TABLE 1 

Effect of alkaline pituitary extract and “globulin fraction" on urine nitrogen in the 
fasted normal “plateaued" female rat 


Relationship of dose to response 



TOTAL DOSE 

NmCBZR OF RATS 

PEE CENT CHANGE 


Injected 

Controls 


Alkaline extract 

1 tngw. 

20.0 

12 

1 

14 

-32 


10.0 

24 

26 

-26 


5.0 

12 

12 

-24 


2.5 

12 

12 

i 

-15 

“Globulin fraction” 

20.0 

11 

16 

-22 


10.0 

12 

12 

-21 


5.0 

60 

56 

-19 


2.5 

12 

12 

-10 


TABLE 2 

Effect of purified pituitary hormone preparations, thyroxin and adrenal cortex extract on 
urine nitrogen in the normal “plateaued" female rat 
Injected and control rats fasted 


BOSilONE PBEPARATION 


Growth hormone 

Thyrotropic hormone 

Lactogenic hormone 

Follicle stimulating hormone. 

Thyroxin 

Adrenal cortex extract 

Casein 


* 1.0 cc. adrenal corte.x extract contains “not less than 2.5 rat units.” 


TOTAL DOSE 

NmiBER 

OF RATS 

FER CENT 
CttANGE IN 
DRINE NITROGEN 

Injected 

Controls 

mgm. 

5,0 

32 

36 

-24 

5.0 

24 

24 

-19 

5.0 

12 

12 

-13 

5.0 

12 

12 

-3 

0.2 

11 

12 

-5 

1.0 cc.* 

24 

20 

-7 

20.0 

12 

16 

-5 


Discussion. The results summarized in tables 2 and 3 show that purified 
gro^^^h hormone preparations had the greatest effect on nitrogen retention of any 
of the known pituitary hormones. • This confirms the concept of earlier workers 

(1, 2, 3, 13) that growth hormone is the pituitary factor responsible for a positive 
nitrogen balance. 

It can be seen, however, from tables 2 and 3 that growth hormone was not the 
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onlj^ component of unfractionated pituitary extracts which reduced urine nitro- 
gen. Purified thyrotropic hormone also caused significant nitrogen retention, 
though the effect was smaller than that of growth hormone. Since purified 
thju’otropic preparations cause only insignificant bodj'" weight increases in hy- 
pophj’'sectomized rats, this finding was rather unexpected, and it was considered 
important to investigate, whether the action of the thyrotropic hormone prepara- 
tion on nitrogen retention was mediated through the thyroid gland. For this 

TABLE 3 


Effect of 'purified pituitary liormorie preparations, thyroxin and protamine zinc insulin on 
urine nitrogen in the normal “plateaued” female rat 
Injected and control rats on identical food intake 


EORirONE PBEPAEATION’ 

TOTAL DOSE 

NUiraER OF RATS 

PER CENT 
CHANGE IN 
tmiNE NITROGEN 



Injected 

Controls 

AND STANDARD 
ERROR 

Growth hormone 

rngm. 

1.0 

26 

23 

-24 ±5 

Thyrotropic hormone 


5S 

57 

-17 ±5 

Lactogenic hormone 


38 

39 

-15 ±6 

Interstitial cell stimulating hormone . . 


s 

7 

-5 ±3 

Thyroxin 


12 


-4 ±4 

Thyroxin 


1 12 


•f4 ±6 

Protamine zinc insulin 

1 2.0* 



-7 ±6 


* Units. 


TABLE 4 


Effect of purified pituitary thyrotropic and growth hormones on urine nitrogen in the 

thyroidectomized rat 

Injected and control rats on identical food intake 



1 TOIAI. DOSE 

NUMBER OF RATS 

PER CENT • 

HORMONES INJECTED 

MCM. PER 100 GRAMS 



CHANGE IN . 

BODY WEIGHT* 

Injected 

Controls 

URINE NITROGEN 

Thyrotropic hormone 

0.4 

16 

15 

' -15 

Growth hormone 

0.4 

; 

^ i 

8 

■ 

-22 


* Since rats of two different weight groups were used, the hormones were administered 
in proportion to their body weights. 


purpose two series of experiments were performed. The action of thyrotropic 
hoimone was studied in th 5 'roidectomized rats, and the effect of thyrotropic hor- 
mone in normal animals was compared vnth that of th 3 ’’roxin. The results ob- 
tained with thj'roidectomized rats indicate that purified thj'rotropic hormone 
decreased urine nitrogen even in the absence of the th 5 Toid gland, as far as can 
be judged from the limited number of animals (table 4). On the other hand, 
th 5 n’Oxm, given to noimal rats at “corresponding” levels had no effect on nitrogen 
retention (tables 2 and 3). (Tins finding does not represent a contradiction to 
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the well established fact that high dose levels of thyroid hormone cause nitrogen 
loss (14), since in the present work onlj’- relatively low close levels were admin- 
istered.) ' These results support the concept that the action of thyrotropic hor- 
mone on nitrogen retention is not mediated through the thyroid gland. 

The action of thyrotropic hormone on urinary nitrogen excretion can be corre- 
lated with similar effects on blood nonprotein nitrogen . Blood urea and a-amino 
acid levels in particular are lowered by this hormone, as found recentlj* bj'' J . 
Fraenkel-Conrat et al. (4). Blood a-amino acids are decreased in the absence 
as well as in the presence of the thyroid gland. 

It is problematical whether the observed effects of thyrotropic hormone prepa- 
rations on nitrogen metabolism which are not mediated by the thyroid gland are 
due to an intrinsic property of the thyrotropic hormone itself, or to another hor- 
mone contaminating the thyrotropic preparations. These preparations are 
knoum to contain some interstitial cell stimulating hormone and probabty less 
than 1 per cent groudh hormone. The former can be eliminated, since purified 
interstitial cell stimulating hormone had no effect on ru'ine nitrogen (table 3). 
The amount of growth hormone present in thyrotropic hormone preparations is 
probably too small to account for the observed effects. The question whether 
the action is due to the thyrotropic hormone itself, or to an unknoum contamina- 
tion is, however, still open, and can only be settled when the th 3 ’-rotropic hor- 
mone is isolated in pure form. 

The effect of purified pituitary lactogenic hormone on nitrogen retention was 
even smaller than that obtained with thyrotropic hormone, and the average 
standard error of this group of experiments was so large that the results cannot 
be regarded statistically significant according to the criterion defined. How- 
ever, since the iorvering of urine nitrogen rvas observed repeatedl}’- and, since the 
effect was consistently larger than that elicited bj’’ any of the remaining hormones 
examined (the pituitary follicle stimulating and interstitial cell stimulating hor- 
mones, thyroxin, insulin and adrenal cortex extract) it seems inadvisable com- 
pletelj^ to disregard this action of lactogenic hormone on nitrogen balance. Per- 
haps study of urinary nitrogen excretion in hypopliysectomiaed rats ma 5 ^ bring 
greater claritj’- on this point. 


SXJMMAEY 

The action of anterior pituitary hormones on urinary nitrogen excretion was 
studied in the normal “plateaued” female rat. 

TJnfractionated pituitarjr extracts caused a marked decrease in urine nitrogen. 

Purified pituitary growth hormone preparations induced a similar drop in nri- 
naiy nitrogen excretion. 

Purified pituitaiy thyrotropic hormone preparations caused a significant but 
smaller reduction in urine nitrogen. This action is probably not mediated bv 
the thyroid gland. 

Purified pituitary lactogenic hormone preparations had an even smaller effect 
on nitrogen retention, statistically not significant, although consistently larger 
than that obtained watli the remaining hormones examined. 
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Purified pituitary follicle stimulating and interstitial cell stimulating hor- 
mone preparations, thyroxin, adrenal cortex extract and protamine zinc ins ulin , 
at the dose levels tested, were without effect on urinary nitrogen excretion. 
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In the course of studies on experimental human vitamin A deficiencj^ one of 
us (G. W.) held five young men on a diet veiy poor in vitamin A for a period of 
about six months. Measurements were made at regular intervals of the sub- 
jects’ cone and rod dark adaptation, the vitamin A and total carotenoid content 
of the plasma, and the carotene and xanthophyll content of the feces. The 
results of these experiments are abstracted in the present paper and will be pre- 
sented in detail elsewhere. 

It seemed desirable to examine these subjects also as part of a program under 
way at the Fatigue Laboratory to detennine the effects of various types of diet 
on human physical fitness and fatigue. Two series of exercise measurements 
were therefore performed upon the subjects, one after several months on the 
deficient diet, the second some six weeks after the return to a normal diet. The 
present paper is concerned primarilj’- with the results of these latter measure- 
ments. 

Methods. The subjects were medically normal college students. During 
the entire experiment they maintained their ordinar}'^ classroom routines, living 
for the most part a sedentary existence. For 30 da^’^s before going on the defi- 
cient diet all of them supplemented their normal diets with about 75,000 I.U. 
of vitamin A daily. They therefore began the deficient diet nith what were 
probably very high reserves of vitamin A. 

Four of the subjects started upon the vitamin A-low diet abruptly on Novem- 
ber 4 to 6, 1940; the fifth (Al) on December 2; and all of them remained on this 
diet for almost exactly six months. In general they were advised to eliminate 
from the diet all colored vegetable material, all dairy products except fat-free 
milk, and liver and kidney. They were guided in immediate detail by the food 
charts of Eddy and Dalldorf (1), copies of which were distributed to them, and 
used as principal further reference the tables of Daniel and Munsell (2). An 
attempt was made to keep the total vitamin A intake irithin about 100 I.U. per 
day. This may be compared ivith the estimated minimal requirement of about 
1500 I.U. daily, and the daily allowance of 5000 I.U. per day recently recom- 
mended by the Committee on Food and Nutrition of the National Research 
Council (3). 

This vitamin A-low diet was supplemented daily with the folloMng factors: 
bieiier s j^east containing at least 140 I.U. of Autamin Bi and 70 Sherman Units 

Jr '^undaTio^*^^ supported in part by a grant to G. W. by the Josiah Macy, 

We are grateful for the assistance of Messrs. Gordon Allen and Howard C. Goodman who 
served as volunteer subjects in the experiments. ’ 
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of B 2 ; 50 mgm. of ascorbic acid; about 1300 U.S.P. units of vitamin D (irradiated 
ergosterol)-; 2 grams of dicalcium phosphate; and a preparation containing 32 
mgm. of iron and 0.64 mgm. of copper as gluconates. - 

E.xcept for small and temporal^ decreases in weight which in no case exceeded 
five pounds, all the subjects maintained their initial weights. Even these 
transient decreases, which appeared due to lowered caloric intake in the period 
just after the diet had been altered, were repaired within a few weeks on the 
deficient diet. 

Two or three times each week throughout the entire period of the experiment 
the complete dark adaptation curve was measured b}' methods i^reviousl}’' de- 
scribed (4) . About once a week samples of blood were drawn and the carotenoid 
and vitamin A content of the plasma were determined. At least once each week 
a sample of feces was analyzed for carotene and xanthophjdl. Since it has 
been shown that under the best conditions for absorption about 60 per cent of 
ingested carotene is excreted in the feces, these measurements 3 delded an objec- 
tive check on the carotene content of the diet (5). 

After the subjects had been on the deficient diet for 3 to 4| months their ability 
to perform moderate and heavy muscular exercise was determined with the 
standard Fatigue Laboratory treadmill test: 15 minutes’ walk at 3.5 M.P.H. 
on an 8.6 per cent grade; 10 minutes’ rest; run to e.xhaustion or up to 5 minutes 
at 7 M.P.H. on an 8.6 per cent grade; and recovery followed for 20 minutes after 
the run. 

Measurements were made of the sitting heart rate and blood pressure before 
the walk; continuous heart rate during and after the walk and the run; ventila- 
tion during the walk and the run ; oxygen consumption during the walk and the 
run; and blood lactate during the walk and after the run. 

At the close of the period on the vitamin A-low diet the subjects returned to a 
noimal diet supplemented vdth vitamin A. After at least six weeks of this they 
were tested on the treadmill as before. 

Observations. Within one week after starting the deficient diet the feces 
carotene of all subjects had fallen to about one per cent of its previous values. 
Shorth" afterward the plasma carotenoids were found to have decreased from 1 
to 2 ngm. per cc. — the normal level — ^to at most about 0.5 ngm. per cc. and in 
some instances traces which could not be measured accurate^". These factors 
follow the immediate diet closed'’. 

The plasma vitamin A however maintained its initial maximal levels (1.57 to 
2.97 I.U. per cc.) in all subjects throughout the entire period on the deficient 
diet. The threshold of the complete^’- dark adapted rods — the first to rise in 
vitamin A deficiency (4) — also remained constant and minimal in three subjects 
throughout the course of the experiment. In two .subjects it rose veiy slowly 

= We are indebted to the Abbott Laboratories of Itorth Chicago, 111., for supplies of 
Brewer’s Yeast Tablets, ascorbic acid, rdosterol, and dicalcium phosphate; and to the 
McNeill Laboratories of Philadelphia for supplies of their iron-copper-calcium gluconate 
preparation, Triglucon. 
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oa the deficient diet: in jNIcA about 1.1 log unit and in Ms about 0.7 log unit in 
all. Three subjects therefore gave no objective evidence of vitamin A deficienci', 
the other two only moderate increases in visual threshold following six months 
of vitamin A deprivation. 

At the close of the deficiency period the subject JN'IcA was gi\en 25,000 I.XJ. 
of vitamin A as halibut liver oil orally. Four hours later his final rod threshold 
had fallen about 0.3 log unit. He remained on the deficiency diet, supplemented 
with 25,000 I.U. of vitamin A daily. After 15 days his threshold had descended 
a total of 0.75 log unit, and was still about 0.35 log unit above normal. The 
ifitamin A supplement was increased to 75,000 I.TJ. daily; after another 11 days 
the threshold had reached normal. At the end of the deficiencj’’ period Ms was 
given 50,000 I.IJ. of vitamin A orally in the form of carotene in cottonseed oil. 
After 80 minutes, and on testing again after five days, his threshold had not 
changed appreciably. He returned to his normal diet supplemented with 60,000 
I.U. of carotene daily. After 28 days his threshold still had not changed 
significantly. 

These results are comparal3le nith the slow cures of experimental night-bhnd- 
ness observed under almost identical conditions b}" Hecht and Mandelbaum (6) 
and by IMcDonald and Adler (7). They differ strikingly from the vei^’- rapid 
reversals of night-blindness frequentty obtained in similar experiments and 
apparently prevalent under clinical and field conditions (8). They indicate 
some deep-seated lesion the development of which may be peculiarly favored 
bj' the conditions of the present type of experiment— perhaps the sudden and 
acute onset and long continuance of the deficient diet, and the sharp restriction 
of the deficienc}’’ to vitamin A alone. 

The results of the treadmill experiments follow: 

A. Reaction to moderate muscular work {walking). In measurements made 
while the subjects were on the vitamin A-low diet no significant differences from 
normal appeared either during or following mild muscular work. Specificallj' 
there was practically no difference between these and the post-deficiency meas- 
urements with respect to heart rate during and after the walk; blood pressure 
after the walk; and ventilation, o.xygen consumption, respiratoiy quotient, and 
blood lactate during the walk. 

B. Reaction to exhausting exercise {running). The deficient diet appeared to 
hai'e no significant effect on the ability to perform exhausting^exercise of short 
duration.^ Specificall}^ there were no definitely significant differences between 
the deficienc}^ and post-deficiency measurements of duration of effort; heart 
rate during and after the run; blood pressure after the run; ventilation, oxj^gen 
consumption and respiratory quotient during the run; and blood lactate im- 
mediately after the run. 

C. Quantitative indices of fitness for moderate and for exhausting exercise. In- 
dices of fitness based upon significant physiological variables have recently been 
proposed by Johnson and Brouha (9) and by Johnson, Brouha and Darling (10). 
The ‘ work index” is defined as the duration of effort in seconds minus the ma.xi- 
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rnal heart rate during the effort plus the blood lactate. The ^Tecovery index” 
is defined as: 

Duration of effort in seconds X 100 

2X sum of pulses from 1-1 2-2§, and 4-4f minutes during recovery 

Both indices rise with improvement in performance. It should be emphasized 
however that only in exhausting work do they allow accurate ranking of subjects 
in comparison with one another. Under such conditions “work indices” above 



Fig. 1. Work and recovery indices in mild and exhausting exercise for five subjects 
3~4J months on a vitamin A-deficient diet, and about six weeks after the return to a normal 
diet supplemented with vitamin A. 


—50 are good; from —50 to —150 are average; and below —150 are poor. 
“Recovery indices” above 75 are good; 40 to 75 are average; below 40 are poor. 
In moderate exercise these indices are valuable only for comparing the same 
subject with himself from time to time. 

Figure 1 shows these indices for the present subjects in the deficiency and post- 
deficiency periods. The ivalk indices show no significant changes except in one 
subject (McA) for whom they were lower on the normal diet. The indices for 
running show no significant change in any subject. It is noteworthy that of the 
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two subjects who yielded some positive evidence of vitamin A deficiency rise in 
visual threshold— Ms yielded the highest and McA the lowest indices in both 
periods. The slight changes in the scores of these subjects in the two test 
periods lie within the ordinarj'- week-to-week variation found in persons on a 
normal diet. Subject Go resumed his usual spring athletic activities shortly 
after the first test had been performed, and his slightly improved score in the 
second test was probably the result of training. 

D. Subjective impressions. During the period of deficiency only one subject 
(McA) complained of abnormal fatigue and lassitude. This was the subject 
who also exhibited the greatest rise in visual threshold. After returning to a 
normal diet he reported feeling definitely better, yet he performed no better than 
previously on the treadmill. 

The remaining subjects reported no special impressions during the deficiencj'" 
period. After resuming the normal diet they all declared that they felt better 
and that the running test on the treadmill was easier. Yet onlj'' two of them 
showed any actual improvement, very slight in both cases. 

Discussion. Following a period of high mtamin A nutrition which permits 
the accumulation of large internal reserves, sedentary human subjects can 
tolerate almost total deprivation of vitamin A for periods as long as six months 
without developing objective or subjective evidences of deficienc 3 L The main- 
tenance of plasma vitamin A at its maximal levels in all subjects throughout this 
interval impUes that at its close the internal reserves were still sufficient to keep 
the tissues optimally supplied. Yet it is significant that two of the subjects who 
displayed no measurable decrease in plasma vitamin A still exhibited moderate 
increases in the visual threshold. This is just the reverse phenomenon of that 
recently reported by Bodansky, Levis and Haig (11), in which the final rod 
threshold was normal in cases exhibiting low plasma vitamin A. Apparently 
either situation may occur, depending upon circumstances not j^et whollj’- 
appreciated or controlled. 

Neither the subjects who exhibited rise in visual threshold nor the others in 
the present experiments displaj^ed any significant impairment in the ability to 
perform exhausting exercise after 3 to months on the deficient diet. It is of 
course possible that men doing hard physical labor or exposed to rigorous en- 
vironmental conditions such as extreme heat or cold might have responded dif- 
ferently. In any case the results of these experiments are in marked contrast 
with those obtained vdth sedentary subjects deprived of the vitamin B com- 
plex, Avho showed ivithin three weeks symptoms of abnormal fatigability and 
measurable phj’-sical deterioration (12). 

SUMMARY 

1. FolloMng 30 days of high \dtamin A nutrition, five young men were main- 
teined on a diet extremely low in vitamin A for a period of about six months, 
liie A-deficient diet was supplemented vdth brewer’s yeast, ascorbic acid 
mtaminD, calcium phosphate, iron and copper. At regular intervals the cone 
and rod dark adaptation were measured, and the concentrations of vitamin A and 
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total carotenoid in the plasma, and of carotene and xanthophyll in the feces were 
determined. 

2. Within a week on the A-deficient diet the fecal carotenoids had fallen to 
about 1 per cent of their previous values. Shortly afterward the plasma carot- 
enoid also was found at very low levels. The plasma vitamin A levels, how- 
ever, maintained their initial maximal values throughout the entire deficiency 
period. The visual thresholds of three of the subjects also remained constant 
and minimal; in two subjects they rose slowly to final levels 0. 7-1.1 log unit 
above normal. 

3. After 3 to 4| months on the deficient diet, and again about six weeks after 
the return to a normal, A-supplemented diet, the physical fitness of the subjects 
for moderate and exhausting exercise was determined. No significant differences 
in performance were found. 

4. It is concluded that relatively sedentaiy subjects initially well supplied 
with vitamin A may undergo as much as six months of vitamin A deprivation 
without developing objective or subjective evidences of vitamin A deficiency. 
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In previous studies from this laboratory it has been shown that the level of 
liver glycogen increases in normal rats which have been treated vith diethyl- 
stilbestrol (1) and that this increase is more pronounced in castrates than in 
normal rats (2), These observations were confirmed by Griffiths, Marks and 
Young (3), and Ingle (4) has repoi-ted that the administration of stilbestrol to 
normal non-glycosuiic rats frequently produced a mild glycosuria. 

The question arises as to the manner in which stilbestrol produces these effects 
on carbohydrate metabolism. Since it seems assured that it does not act through 
the gonads (2) the possibility exists that it may act directly upon carbohydrate 
metabolism or indirectly through some organ or organs. In view of the fact that 
fasting adrenalectomized or hypophysectomized animals show low carbohydrate 
levels (8, 12) it is possible that stilbestrol acts through the medium of one of these 
glands. This idea receives support in the fact that stilbestrol mimics the effects 
of cortical hormone on carbohydrate levels. In an examination of this possibil- 
ity, stilbestrol was administered to a series of animals in which the adrenals or 
pituitaries had been removed. This study has been reported in preliminaiy 
form (Janes, 5). 

Methods. Obseiwations on 32 adrenalectomized rats of the Sprague-Dawle}* 
strain are reported. When adrenalectomy was performed the periadrenal fat 
was excised -widely to insure the removal of adjacent accessory adrenal tissue. 
Our experience Mth this strain has sho-wn that accessory tissue occurs occasion- 
ally, but with much less frequency than in most other strains. Following the 
operation, the rats w'ere given Rubin-Krick solution and, in addition, some 
groups of animals were maintained on 3 mgm. desox 3 ’-corticosterone acetate 
(DCA)2 daily or on adrenal cortical extract^ J cc. twice daily. These doses, 
particularly for DCA, are more than enough to maintain otherwise untreated 
adrenalectomized animals in good health, but relatively huge amounts of cortical 
hormone are required in adrenalectomized animals -n^hich are under stilbestrol 
treatment. Subcutaneous injections of stilbestroP (100 micrograms dailjO were 
initiated about 3 days follo-wang operation and -w^ere continued for 16 to 18 daj^s. 

Hypophysectomized rats ■n’^ere given 5 per cent glucose as drinking ■\^■ater and 

' This investiption was aided by a grant from the Committee on Research in Endocrin- 
ology of the National Research Council. 

= Supplied through the kindness of Dr. Erwin Schwenk, Sobering Corporation 

^ Supp bed through the kindness of Dr. Oliver Kamm, Parke, Davis & Company. 

Supplied through the kindness of Dr. Richard Johnson, Frederick Stearns & Company. 
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fed a stock diet of pellets supplemented by greens. Treatment with stilbestrol 
(50 micrograms daily) was started three days after the operation and was con- 
tinued for 14 days. 

At the end of the experiment, adrenaleetomized animals were fasted for 24 
hours and hypophysectomized animals for 12 hours. The last injections were 
given on the day preceding the fast. Immediately before the animals were anes- 
thetized with sodium amytal, blood samples were taken from the tail vein for 
determinations of blood sugar by the Shaffer-Hartmann-Somogyi micro-method. 
Following anesthetization, the gastrocnemii were dissected free and, together 
with samples of liver, were frozen quickly in a mixture of carbon dioxide and 
ether and prepared for the determination of glycogen levels by the method of 
Good, Kramer ^d Somogyi (11). The gonads, adrenals and pituitaries, when 
present, were removed, weighed and fixed for microscopic examination. Urine 
was collected in 5 per cent sulphuric acid during the fasting periods and was used 
for the determinations of non-protein nitrogen by the micro-Kjeldahl method. 

Results. A. Effects of stilbestrol on adrenaleetomized rats. Three series of 
experiments were set up to test the effect of stilbestrol on adrenaleetomized rats. 
The first series included untreated controls and animals treated \vith stilbestrol, 
but not maintained wth cortical hormone. In the second series, the rats re- 
ceived the same treatment vath the addition of Eschatin. The animals of the 
third group received stilbestrol and were maintained with desoxycorticosterone 
acetate. Controls, which did not receive stilbestrol, were studied in each series 
(table 1). 

The mortality rate of the rats in series 1 was very high. Of 15 mitreated 
adrenaleetomized control animals only 6 survived for 18 days. Onlj'- 4 of 21 
adrenaleetomized animals which were treated ivith stilbestrol survived for 18 
days. When | cc. Eschatin twice daily (series 2) or 3 mgm. desoxycorticoster- 
one acetate (series 3) was administered it was possible to counteract the effects 
of stilbestrol and to maintain the animals throughout the experimental period. 

Blood sugar levels were low in untreated adrenaleetomized rats but were some- 
what improved in animals which received injections of cortical hormone. In 
nriiTTials which were treated vith both stilbestrol and cortical hormone the blood 
sugar levels were low. 

All adrenaleetomized animals, regardless of treatment, showed low values for 
liver glycogen at the end of a 24 hour fast. Rats which did not receive cortical 
therapy showed reduced muscle gb’^cogen values (table 1, series 1), while rats 
which received this therapy, especially those treated vdth DCA, showed normal 
or slightly elevated muscle gtycogen values. The reason for this effect is not 
clear. 

Although extreme care was used in remo\dng the adrenals and periadrenal fat, 
in a few rats some h^'^perplasia of accessoi^' adrenal cortical tissue was obser\'’ed. 
Tliis accessoiy tissue was not sufficient, however, to maintain life or to preser^^e 
noimal fasting carbohydrate levels. 

Urinaiy nitrogen values showed considerable variation in each series of adrena- 
lectomized animals (table 1) . It should be noted that treatment vith stilbestrol 
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produced no constant or significant changes in urinary nitrogen. JT^s is in con- 
trast to the results observed in intact or castrated animals which have been 

injected vith stilbestrol for comparable periods (2). . + i 

The B^eight of the pituitaries was not affected by adrenalectomy in the control 
animals of series 1. However, the pituitaries of animals treated vdth cortical 
extract or DCA showed an increase in size and those of all animals which received 
stilbestrol were even larger. 


TABLE 1 

Acerapes o/ adrenalectomised rals treated with 100 microgram^ diethyl-slilbeslrol daily 

/or 16-18 days 
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54 
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0.0238 
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37 
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0.856 
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None 
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42 
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1.115 
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8 

inllil 

Stil. 
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42±13 

22 

532 

0.679 



B 



daily 








(2) 

i (6) 


* Standard deviation. 

** Numbers in parentheses are number of animals, 
t Mgm./grams body weight. 


The testes of the adrenalectomized rats w'ere normal in size, but those in ani- 
mals treated with stilbestrol showed considerable damage and loss in tveight. 
After adrenalectomy the ovaries were reduced in size and showed small follicles, 
but following treatment ndth stilbestz'ol the ovaries w’ere increased in size and 
exhibited large corpora lutea. The mammary glands of the latter animals 
shoBTd marked stimulation. In these regards the response to stilbestrol is simi- 
lar to that seen in normal and thyroidectomized animals (6, 7). 

B. Effect of stilbestrol on hypophysectomized rats. Stilbestrol produced to.vic 
manifestations w^hen administered to hypophysectomized rats. Accordingly 
the dosage was reduced to 50 micrograms daily, the animals were treated for only 
14 days, and the fasting period was limited to 12 hours at the end of the experi- 
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merit. Despite these measures only 12 of 24 operated animals survived the ex- 
perimental period. Controls for this series included groups of untreated normal 
and stilbestrol-injected normal animals. These were subjected to the same 
periods of treatment and fasting as the hypophj^sectomized rats. In normal 
animals (series 1, table 2) blood sugar levels were liigher in the normal rats than 
in the rats under treatment vith stilbestrol. However, the values for liver gly- 
cogen of the animals which had been injected with stilbestrol were higher than 
in the normal rats. Muscle glycogen was unaltered. Urinary nitrogen values 
were high for both the control and experimental animals of series 1. The fact 
that these determinations were made from the total urine that was excreted dur- 
ing the 12-hour fast and calculated on the basis of a 24-hour period may account 

TABLE 2 


Averages of normal and hypo-physecloynized rats treated with 50 gamma diethyl-siilbestrol 

daily for 14 days 
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TREATMENT 

^'EIGHT 
AT END 

BLOOD 

GLYCOGEN 

URI- 

NARY 

WEIGHT 

OF 

WEIGHT 

OF 

WEIGHT 
' OF 

WEIGHT 

OF 

ANIMALS 

12-hr. 

FAST 

SUGAR 

Liver 

Muscle 

N FOR 
24 HR. 

PITU- 

ITARY 

NALS 

(2) 

TESTES 

(2) 

OVARIES 

(2) 


1 


grams 

mgm, 

per 

cent 

mint. 

per 

cent 

mint. 

per 

cent 

mint./' 

irams 

body 

vieiihl 

irams\ 

irams\ 

frawit 

irams\ 


Controls 

226 

9S±8* 

55 

435 

1.394 





Series 1 
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[8 
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HI 

B 
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0.0185 


1 
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1 


1 

(9) 1 

(3) 


* Standard deviation. 

** Numbers in parentheses are number of animals, 
t Grams/100 grams bodj' weight. 


for the, high values. The pituitaries and adrenals were increased in size after 
treatment with stilbestrol and testes were decreased in size. Mammar}’’ glands 
were stimulated. 

Ht'pophysectomized animals in series 2 were given the same treatment as the 
normal animals in series 1. Following hypoph 3 ’’sectomy the carbohj^drate levels 
were decreased and were not altered significantly by treatment with stilbestrol. 
Urinary nitrogen was decreased in both treated and untreated hj"poph 3 'secto- 
mized animals. 

The adrenals underwent atroph 3 ' following h 3 ^poplwsectom 3 ’’ and were not 
enlarged with stilbestrol treatment. Testes and ovaries were smaller in h 3 'po- 
ph 3 -sectomized rats, a condition which was aggravated onb’’ slightl 3 ’ b 3 ' treatment 
with stilbestrol. hlammaiy glands were atrophic. 
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Discussion. Stilbestrol produced definite toxic manifestations when admin- 
istered to adrenalectomized or hypophysectomized rats. These effects were 
evidenced by the inability of the rats to withstand treatment for many days, by 
their intolerance to long fasts, and in a greater loss of weight than is usually seen 
in animals treated ivith stilbestrol. Since continued treatment with stilbestrol 
in doses of 50 to 100 micrograms daily produces mild anorexia and loss of weight 
in normal animals, an aggravation of these effects in adrenalectomized and 
hypophj’^sectomized animals is not surprising. 

However, adrenalectomized rats withstood the injections of stilbestrol and 
were maintained in good physical condition when they were given desoximortico- 
sterone acetate or Eschatin. It should be noted that about six times as much 
DCA is required to maintain animals which are also receiving stilbestrol as is 
required in othernase untreated adrenalectomized animals. The dosage of 
Eschatin was not large enough and the treatment was not intense enough to pro- 
duce the elevation in carbohydrate levels which has been described b}’’ Long, 
Katzin and Fry (9). 

The blood sugar and hver glycogen levels were low and variable in all adrena- 
lectomized rats. The administration of Eschatin, and to a lesser extent of 
DCA, raised the blood sugar levels slightly in otherwise untreated adrenalecto- 
mized animals, but had no apparent influence on liver glycogen. In adrenalecto- 
mized animals which were maintained on Eschatin or DCA the administration of 
stilbestrol lowered slightly the values for both blood sugar and liver gLuogen. 
This may be due to the anoretic condition of all animals which are treated for ap- 
preciable lengths of time ivith stilbestrol. Under ordinaiy circumstances the 
decreased consumption of food is not reflected in the carbohydrate levels since 
compensatory mechanisms, which appear to be influenced by adrenal cortical 
hormones, not only overcome the deficit, but actually increase the levels of car- 
bohydrates (1, 2). However, in the absence of the adrenals these mechanisms 
are not operative and the primary effect of stilbestrol is uncomplicated b 3 ’- com- 
pensatory processes. 

Blood sugar and liver glycogen levels were extremely low in fasted h 3 ’-pophy- 
sectomized rats and were not altered significantly in animals which were treated 
with stilbestrol. Muscle gb’-cogen values were decreased in animals treated with 
stilbestrol and are comparable to the levels observed in adrenalectomized ani- 
mals ivhich did not receive treatment with DCA or Eschatin. It is apparent 
that stilbestrol is unable to exert an effect upon carbohj' drate metabolism in the 
absence of the hypojihj’^sis. 

On the basis of the experiments reported here it is possible to formulate a 
theoiy to explain the mechanism wLereby stilbestrol raises the levels of carbohy- 
drates in the rat. Since the substance is ineffective in adrenalectomized or 
hypophysectomized animals it is apparent that each of these glands must be in- 
mlved in^ the mechanism. It seems probable that stilbestrol stimulates the 
hypophysis to release some factor, perhaps the adrenotrophic hormone, wLich in 
turn stimulates the adrenal cortex to produce considerable quantities of some 
cortical hormone or hormones, presumably of the type characterized by havino- 
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an atom of oxygen attached to carbon 11. Such cortical hormone or hormones 
are effective in promoting glyconeogenesis and the deposition of glycogen in the 
livers of fasting animals. This latter action of cortical hormones has been dem- 
onstrated by Britton and Silvette (8) and by Long, Katzin and Fry (9) . Further 
support for the theory presented here is foimd in the fact that stilbestrol induces 
a marked enlargement of the adrenals in normal and castrated rats, but is without 
effect in hypophysectomized animals. The argument may be advanced that the 
adrenals enlarge in response to the introduction of a toxic substance, but the fact 
remains that this increase does not occur in hypophysectomized animals. Fur- 
thermore, adrenal cortical extracts will maintain carbohydrate levels in hypo- 
physectomized rats (9). 

The theoiy which is offered to account for the corticomimetic action of stilbes- 
trol was suggested in an earlier report (Janes, 5). It is noteworthy that, on the 
basis of acute experiments, data which confirm and extend this idea were pre- 
sented by Fry, Miller and Long at the annual meeting of the Association of Inter- 
nal Secretions in Atlantic City, June 9. 

These experiments offer further evidence that adrenal cortical compounds of 
the desoxycorticosterone type, i.e., those lacking an oxygen atom on carbon 11, 
do not affect carbohydrate levels (10). 

SUMMARY 

The effect of diethyl-stilbestrol on carbohydrate metabolism has been studied 
in adrenalectomized and hypophysectomized rats. The folloudng observations 
were made and on this basis certain conclusions have been drawn: 

1. Fasted adrenalectomized rats show low carbohydrate levels and these levels 
were not improved following the administration of stilbestrol. 

2. When adrenalectomized rats were maintained with desoxycorticosterone 
acetate or small amounts of Eschatin, the blood sugar values were improved only 
slightly and liver glycogen levels were unchanged. Muscle glycogen values 
were normal or slightly elevated. The administration of stilbestrol to adrenalec- 
tomized rats maintained mth cortical hormone failed to effect an increase in 
blood sugar or liver glycogen levels. 

3. Fasted hj’^pophysectomized rats showed low carbohydrate levels and the 
administration of stilbestrol failed to increase these levels. 

4. These data indicate that stilbestrol exerts its effect on carbohydrate levels, 
particularly liver gl 5 ’^cogen, by stimulating the release of adrenotrophic hormone 
from the hypoph 3 ’'sis. This latter factor, in turn, stimulates the production of 
adrenal cortical hormone, of the t 3 ’-pe characterized by an atom of ox 3 ’^gen on car- 
bon 11. We believe that it is such adrenal cortical hormone which produces the 
effects on carboh 3 ^drate levels that have been described folloMng the administra- 
tion of stilbestrol. 
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It has been shoATO in the dog (1, 2) and man (3) that assessment of renal 
excretory function may be made by the combined use of the foreign substances 
inulin and diodrast. The use of inulin as a measure of glomerular filtration has 
been established over a vdde range of species (1, 4). In combination -with 
inulin, the use of diodrast as a measure of effective renal blood flow (2, 5) and 
tubular excretory mass (5, 6) has been widely applied. 

It has recently been shown that certain hormones exert morphological effects 
on the kidney (7). The literature on this question has been reviewed by 
Selye (8). Physiological effects of hormones on the kidney are suspected, if 
not in all cases knomi; for example, the role of the kidney in adrenal cortical 
disease, the effects of the posterior pituitary hormones on diuresis, of thyroxin 
on diuresis, and the still debated role of the kidney in parathjwoid disturbances. 

It therefore seemed of interest to try to apply, for use in the rat, the methods 
of renal investigation devised by Smith and co-workers for the dog, since for 
hoimone studies the rat possesses specific advantages over the dog. After 
prolonged methodological study, in which numerous procedures were attempted, 
found unsatisfactory and discarded, the following method was evolved. 

Certain major modifications which must be introduced in the application of 
the method to the rat are the follovdng: a. A longer period for the collection 
of urine must be used than is necessary in larger animals, h. Priming and then 
sustaining infusions of diodrast and inulin could onl 3 ’’ be given to anesthetized 
rats, and for long periods this would be neither feasible nor could such animals 
be considered normal. The intravenous injection of inulin was attempted at 
first, as this substance is known to be poorly absorbed in other species (9), but 
it was found that the slope of 4isappearance from the blood varied so much from 
animal to animal that mid-point values gave inconstant and impossible results. 
Later, both inulin and diodrast were administered b}’" subcutaneous injection, 
from wliich diodrast is well absorbed and from which inulin is also sufficiently 
well absorbed in the rat, particularlj’- if one waits long enough for the peak blood 
value to be reached before starting the urine collection period. In this case 
we found the slope of fall to be more uniform and gradual, and a mid-point value 
more accurate and reliable, c. In the rat methods must allow for the obvious 
limitation that one cannot withdraw repeated samples of blood. 

Procedure. Male albino rats weighing more than 125 grams were used in 
all cases. At zero time diodrast to give the desired plasma concentration Avas 

A tYorking under a grant from the National Research Council of Canada. 
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administered. We found that 0.0002 cc. of diodrast per gram body weight, for 
each milligram per cent of I desired would give approximately the correct level. 
The diodrast to be administered is made up to 4 cc. with 2 per cent sodium sul- 
phate and injected subcutaneouslj’’. At twenty minutes, 2 cc. of 2 per cent 
itiulin in physiological saline, warmed to body temperature, is gi'ven subcu- 
taneously together with 1.5 cc. of inulin intraperitoneally. (The inulin is pre- 
treated by adsorption on charcoal followed by hot filtration through a Seitz 
EK filter to remove pyrogen.) At sixty minutes the animal is placed in a 
special holder and the penis foreskin is ligated. The holder consists of a coil 
spring, which is applied to the dorsum, and is connected to wire nooses which 
are slipped over the upper jaw and liind limbs. Before ligation care must be 
taken that the bladder is emptyL 

Although the excitement caused by setting the holder in place usually causes 
voluntary micturition, complete emptying is ensured by manual expression of 
the bladder; the thumb is pressed firmly into the pelvis and then moved slowly 
upwards. TThis is repeated and the pen^ dried with absorbent before ligation. 
The ligature is a purse string suture and the knot is tied over a copper mre 
insert which can later be pulled to free the tie. The collection period must 
begin exactly at sixty minutes, hence the above manipulation is started a few 
minutes beforehand. 

At eighty-five minutes the animal is anesthetised and 1.5 cc. of blood is with- 
drawn from the carotid artery, using a 24 gauge needle and heparin as an 
anticoagulant. The blood is immediately centrifuged. This mid-period blood 
must be completely drawn at ninety minutes. 

At 112 minutes the animal is placed over a funnel, the ligature is removed 
from the urethra, and the urine collected when and as it flows until 120 minutes. 
Manual expression is usually used to ensure complete collection. The time from 
the start of collection to the time of obtaining the last drop is the collection 
period. 

When F was to be estimated the animal was immediately^ anesthetised at the 
end of the collection period and 1.8 cc. of blood dranm from the remaining 
carotid artery. This blood was carefully removed from the syringe to avoid 
aeration, and immediately centrifuged in a capped tube. FoUoiving this the 
plasma was removed, 0.3 cc. was reserved for diodrast analysis and the remain- 
der ultrafiltered for 3 hours at pCOo 40 mm. Hg, and 37°C. The diodrast 
concentration in the ultrafiltrate w^as then deteimined. Small collodion bags 
for this purpose were made in centrifuge tubes and a small area at the bottom 
of the bag thus made rvas used. 

Chemical determinations. Diodrast is determined according to the method 
of IWiite and Rolfe (10) using 0.0025 N sodium thiosulphate for urine and 
0.0005 N for plasma. The urine volume is noted immediately after collection 
and made up to 50 cc. irith water, and 1 cc. aliquots of this are used in the deter- 
mination, while 0.5 cc. of plasma filtrate is used in the determination of the 
plasma. Inulin is determined according to the method of Corcoran and 

Page (11) using 0,2 cc, of y'east-treated plasma filtrate and 0.2 cc of veast- 
treated urine diluted as above. ^ 
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Calculations. Clearances for both diodrast and inulin are determined by the 
formula C = UV IP and are expressed in the tables as cubic centimeter per gram 
body weight per minute. Clearances were calculated per unit of surface area, 
using Meeh’s formula for the rat (12), but we found that this offers little advan- 
tage since the proportionality with body weight is as good. 

. The rate of tubular excretion, T, is the difference between the total excretion 
per minute, and the quantity excreted by filtration (5), i.e., 

T = UV - PIWF 

where P is the quantity of solute in each cubic centimeter of plasma, I the 
concurrent rate of glomerular filtration as measured by the simultaneous inulin 
clearance, W the fraction of water in the plasma, and F the fraction of solute 
which is free in the plasma and therefore available for filtration. For the 
accurate determination of F the adsorption isotherm for diodrast in rat plasma 
should be determined and related to plasma albumin, but because of circum- 
stances beyond our control we were unable to do this and hence approximated 
F by the method outlined above in a -few experiments only. For all other 
experiments a mean value of 0.62 was used. This latter was considered valid 
only at the lower plasma values where a difference of ±0.2 in P would give a 
maximum difference of only ±0.0001 mgm. in T. W was determined from 

- 1 Trr 1 per cent plasma protein d- ^ 

the formula = 1 — . Smce the average plasma 

protein per cent in our rats was 6.63 ± 0.43, IT^ was 0.94. According to the 
accepted terminology the maximal rate of tubular excretion is designated as 
Tmn (5). 

Results. Table 1 summarises our complete findings on a series of 31 ani- 
mals. The mean value for inulin clearance is 0.0027 cc./gm.b.ivt./min., with a 
deviation from the mean of ±0.0006 or 22.2 per cent. 

In table 2 we have summarised and analysed the data for diodrast clearance. 
The results are first grouped for comparison with spreads of 2 mgm. per cent 
being considered a unit, except for group 6 in which a spread of 3 mgm. per 
cent I is considered as a unit because of the scarcity of the data at this level. 
The analysis shows no difference between groups 1, 2 and 3, and again no dif- 
ference between 4 and 5. Group 6 probably represents an intermediate between 
5 and 7 since there are only 5 chances in a hundred that it is part of group 5, 
and less than 1 chance that it is part of group 7. Further analysis shows that 
on regrouping, II is significantly different from either I or III. Accordingly 
we can plot from these data only 3 points on the curve of diodrast clearance 
against plasma concentration, a, below 10 mgm. per cent I where effective blood 
flow is not measurable; 6, a range of clearance certainly between 10 and 14 mgm. 
per cent I where renal blood flow is measurable, and c, a depressed clearance 
range above this level. From the data in the group "with plasma levels between 
10 and 14 mgm. per cent it would appear that the mean renal blood flow is 
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n0‘?3 cc /gm b ivt./min. This represents about one-third of 
Xg blooTvoiume in the rat if 7 per cent of body M^eight is used to detennine 

the value of the latter term. 


TABLE 1 


NUMBER 

BODY 

WEIGHT 

COLLEC- 

TION 

TUIE 

URINE 

PLASMA 

INULIN 

CLEARANCE 

DIODRAST 

CLEARANCE 

T 

F 

VOLUME 

Inulin 

Fiodrast 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

gram 

160 

157 

154 

180 

178 

126 

162 

133 

152 

150 

181 

155 
176 
180 
135 
185 
195 
200 
200 
178 
205 
195 
185 
176 
175 
192 
200 
165 
160 
150 
180 

minutes 

60 

58 

58 

60 

60 

60 

60 

60 

58 

60 

60 

60 

58 

55 

58 

60 

60 

60 

60 

58 

55 

60 

63 

51 

60 

62 

60 

65 

60 

70 

58 

CC. 

0.3 

0.1 

0.1 

0.2 

0.2 

0.1 

0.3 

0.1 

0.2 

0.5 

0.2 

0.1 

0.5 

0.2 

0.2 

0.5 

0.6 

0.6 

0.7 

0.4 

0.4 

0.5 

0.5 

0.6 

0.5 

0.5 

0.5 

0.6 

0.4 

0.4 

0.4 

rngm. 
per cent 

37.5 

31.0 

36.0 

45.0 

31.0 

37.5 

47.5 

50.0 

12.5 

40.0 

31.0 

40.0 

25.0 

35.0 

52.5 

30.0 

42.5 

42.5 

37.5 

25.0 

26.0 

25.0 

31.0 

36.0 

35.0 
33.3 

30.0 

20.0 

50.0 

42.5 

25.0 

mem. per 
cent I 

4.4 

5.0 

5.7 
5.9 

6.3 

7.4 

7.6 

7.8 

8.0 

8.9 
9.1 

9.5 
10.1 
10.1 
10.8 
10.8 

10.9 
11.2 

11.5 

13.0 

13.3 

14.6 

16.1 

17.8 

18.8 

23.3 

23.3 

25.4 

30.7 
33.9 

35.6 

x./sm ./min. 

0.0022 

0.0026 

0.0034 

0.0029 

0.0024 

0.0028 

0.0026 

0.0037 

0.0011 

0.0028 

0.0044 

0.0016 

0.0027 

0.0017 

0.0025 

0.0024 

0.0023 

0.0031 

0.0031 

0.0034 

0.0032 

0.0024 

0.0026 

0.0027 

0.0032 

0.0022 

0.0025 

0.0036 

0.0035 

0.0033 

0.0032 

cc./em./miti. 

0.0101 

0.0080 

0.0095 

0.0140 

0.0096 

0.0080 

0.0110 

0.0109 

0.0119 

0.0112 

0.0088 

0.0079 

0.0171 

0.0111 

0.0120 

0.0142 

0.0120 

0.0133 

0.0160 

0.0149 

0.0114 

0.0143 

0.0104 

0.0117 

O.OIOD 

0.0070 

0.0063 

0.0096 

0.0070 

0.0069 

0.0061 

msm./sm./ 

mtn. 

0.00039 
0.00033 
0.00043 
0.00073 
0.00049 
0.00047 
0.00073 
0.00067 
0.00090 
0.00088 
0.00059 
0.00065 
0.00158 
0.00100 
0.00116 
0.00133 
0.00117 
0.00133 
0.00169 
0.00160 
0.00131 
0.00188 
0.00146 
0.00168 . 
0.00156 
0.00127 
0.00108 

0.00169 

0.50 

0.76 

0.66 

0.50 

0.46 

0.69 

0.53 

0.64 

0.71 

0.77 

0.70 

0.50 

Mean 

0.0027 



0.62 

a 






Similarly we have summarised and analysed the data for T as above. Again 
there was no statistical difference between groups 1, 2, 3 on the one hand and 
groups 4, 5, 6 and 7 on the other, while these two groups taken together showed 
that above 10 mgm. per cent I the tubular excretion is significantly higher than 
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below this level. The average of the data for T obtained from animals with 
plasma levels above 10 mgm. per cent I is 0.00142 mgm./gm. b.wt./min., while 
cr is drO.00024 or 17.6 per cent. On this basis it appears that above this plasma 


TABLE 2 


PLASMA 

DIODRAST 

CLEAR- 

ANCE 

GROUP 

MEAN 

PROBABILITV 
BETWEEN GROUPS 

GROUP 

PROBABILITV 
BETWEEN GROUPS 

MEAN 

<r 


cc./jm./ 









min. 








4.4 


■ 







5.0 



0.0104 

1-2 p>0.05 





5.7 




1-3 p>0.05 





5.9 

■mI 

1 


.1-4 p<0.05 





6.3 




2-3 p>0.05 





7.4 


2 

0.0099 

2-4 p<0.05 

I 


0.0101 


7.6 









7.8 









8.0 

S IE 



3-4 p<0.01 





8.9 


3 

0.0100 






9.1 









9.5 










!E S 



4-5 p>0.05 





10.1 




4-6 p<0.05 





10.8 


4 

0.0137 



II-I p<0.01 



10.8 






II-III p< 0.01 








II 




11.2 









11.5 

y § 








13.0 

0.0114 



5-6 p<0.05 





13.3 

0.0114 

5 

0.0123 






14.6 

0.0143 








16.1 

R S 








17.8 

Six 

6 

0.0110 

6-7 p<0.01 





18.8 

0.0109 








23,3 

IQii 








23.3 

ilfiliSt 








25,4 

Eil 

7 

0.0071 


III 


0.0090 


30.7 









33.9 









35.6 

0.0061 






level the calculation yields Tmu. The data computed according to surface 
area jneld an average maximum clearance for diodrast of 78.7 cc./min./M- 
for plasma and Tmo of 8.4 mgm. /min. /M-. 
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SUMMARY 

A method for estimating renal function in the rat by the simultaneous use 
of diodrast and inulin is presented. 

Data for the noiToal rat indicate an average inulin plasma clearance of 
0.0027 cc./gm. body weight/min., diodrast plasma clearance of 0.0133 cc./gm./ 
min., Tmn of 0.00142 mgm./gm./min.; CD/Tmc averages 9.3, and Cin/Cd is 
0.20 (or as Filtration Fraction 20.02 per cent). 

Acknowledgments. The authors wish to express their indebtedness to Dr. 
Homer W. Smith for his invaluable criticisms and suggestions, to Dr. H. A. 
Cave of the Winthrop Chemical Company for Diodrast, and to Mr. J. W. 
Hislop for technical assistance. 


REFERENCES 

(1) Shannon, J. A. This Journal 112: 405, 1935. 

(2) Elsom, K. a., P. a. Bott and E. H. Shiels. This Journal 116: 548, 1936. 

(3) Goldring, W., H. Chasis, H. A. Ranges and H. W. Smith.. J. Clin. Investigation 

19: 739, 1940. 

(4) Shannon, J. A. J. Cell, and Comp. Physiol. 6: 301, 1934. 

(5) Smith, H. W., W. Goldring and H. Chasis. J. Clin. Investigation 17: 263, 1938. 

(6) White, H. L. and P. Heinbecker. Proc. Soc. Exper. Biol, and Med. 43: 8, 1940. 

(7) Selye, H. j. Urol. 42 : 637, 1939. 

(8) Selye, H. J. Urol. 46: 110, 1941. 

(9) Smith, H. W. Physiology of the kidney. Oxford Univ. Press, 1937. 

(10) White, H. L. and D. Rolfe. Proc. Soc. Exper. Biol, and Med. 46: 433, 1940. 

(11) Corcoran, A. C. and I. H. Page. J. Biol. Chem. 127: 601, 1939. 

(12) Lee, M. 0. This Journal 89: 24, 1929. 


{ 



THE INABILITY OF PURIFIED OR CRUDE KIDNEY EXTRACT 
(RENIN) TO REDUCE THE BLOOD PRESSURES OF 
HYPERTENSIVE DOGSi 

MEYER FRIEDMAN, H. E. KRUGER and A. ICAPLAN 

From The Harold Brunn Institute for Cardiovascular Research, Mount Zion Hospital, 

San Francisco, California 

Received for publication June 17, 1942 

In 1941, Wakerlin and Johnson (1) reported a fall in blood pressure occurring 
in four hypertensive dogs following daily intramuscular injections of hog renin 
over a period of several months. The serums of these treated dogs neutralized 
the acute pressor effect of renin in assay animals. More recently these authors 
(2) have reported that preliminary injections of renal extracts into dogs whose 
renal arteries were subsequently constricted by means of clamps, appeared to 
diminish the degree of hjqjertension that usually follows this type of kidney 
manipulation. Other workers (3), however, employing crude and purified renin 
solutions prepared in a different manner from those of Wakerlin and Johnson, 
failed to confirm their findings. In view of the conflicting results concerning 
the efficacy of daily renin therapy in hypertension, it was deemed advisable in 
this laboratory to repeat the expeiiments of Wakerlin and his co-workers as 
closely as possible, using a, a kidney extract prepared according to their direc- 
tions, and h, a piirified renin extract. 

Methods. The method of producing hypertension in the majority of the 
animals employed in the study was similar to the technic of the Wakerlin group 
and has been described previously (4). 

Seven hypertensive dogs were subjected to daily injections of kidney extract 
for a period of three to four months. Three of them (dogs 13, 28 and 30) re- 
ceived by intramuscular injection purified renin (fraction D) (5), and the re- 
maining four (dogs 5, 27, 29 and 32) received by the subcutaneous and intra- 
muscular route a relatively crude renin prepared according to the directions of 
Wakerlin and Johnson (6), hereafter referred to as W-J renin. The daily dosage 
was equivalent to one gram of fresh kidney cortex per kilogram of body weight. 

The ability of the plasma of injected animals to neutralize the pressor effect 
of renin was measured according to the method of Wakerlin and Johnson (1). 

Results and discussion. The prolonged injection of purified renin or W-J 
renin into seven hypertensive dogs was not followed by any significant change in 
their blood pressures (table 1) or in the ability of their blood plasmas to neutralize 
the pressor effect of renin (table 2). As indicated in table 2, there was con- 
siderable monthly variation in the pressor effect of a standard renin solution, 
after a preliminary 24 hour refrigeration with the blood plasma of these hyper- 
tensive dogs. Whether this variation was due to erratic responses of different 
test dogs or to fluctuations in the antirenin content of their plasmas is not known. 

‘ Aided by a Grant from the Dazian Foundation for Medical Research. 
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TABLE 1 

The effect of daily injections of renin upon the Mood pressure of hypertensive dogs 


DOG HO. 

donation 
OF hyper- 
tension 
BEFORE 
INJECTIONS 

DURATION 

OF 

INJECTIONS 

1 

AVERAGE arterial BLOOD PRESSURE 

CHANGE IN 
BLOOD 

1 RRESSUREtt 

Before renin injections 

During renin injections 

Before* 

hyper- 

tension 

After** 

hyper- 

tension 

1st to 4lh 
j weekt 

Sth to 8th 

1 weekt 

19th to 12th 

I weekt' 

13th to 

16 th weekt 

Receiving purified renin 


days 

days 

mm. Eg 

mm. Eg 

mm. Eg ' 

mm. Eg 

mm. Eg 

mm. Eg 

per cent 

13 

90 

123 

112 

176 ‘ 

165 ' 

168 * 

162 * 

167 

-5.0 

28 

67 

123 

no 

173 

161 

150 

159 

160 

-7.5 

30t 

54 

74 

124 

163 

176 

190 

226 


+38.5 


Receiving W-J renin 


5 

115 

■■ 

113 

181 

196 

193 

192 

178 


27 

113 

mm 

138 

188 

190 

191 

185 

199 


29 

102 


128 

167 

166 

164 

167 

184 


32 j 

95 

m 

134 

172 

173 

179 

183 


+6.5 


* Average blood pressure of the week preceding the kidney operation . 

** Average blood pressure of the week preceding the start of daily renin injections, 
t Average blood pressure during the four week interval. 

} Died of uremia 10.5 weeks after daily renin injections were instituted, 
tt Per cent change of last average blood pressure from average hypertensive pressure 
jDefore renin injections were started. 


TABLE 2 

Pressor effect of a standard renin solution when injected into anesthetized dogs following its 
refrigeration* with plasma of hypertensive dogs receiving daily injections of renin 



UAXIMUM PRESSOR RESPONSE OF TEST DOGS** TO REFRIGERATED RENIN-PLASMA MIXTURE 

PLASKA USED 
DOG NO. 

Before renin ^ 
injectioDst | 

During renin injections 


End of 4th I 
week 1 

End of 6th 
week 

End of 8th 
week 

End of 12th 
week 

End of 16th 
week 


Receiving purified renin 




mm. Eg 

mm. Eg 

mm. Eg 

13 

40 


30 


28 

37 


30 


30t 

32 


28 



mm.Ug 

54 

28 


mm.Bg 

40 

26 


Receiving W-J renin 


5 

27 , 

29 

32 


83 

53 

38 

24 


54 

40 

42 

36 


68 

90 

36 

76 


26 

40 

69 

22 


42 

38 

62 


* Two volumes of plasma were refrigerated with one volume of renin. For assav nur 

equivalent of 0.5 grams kidney cortex per kilo body 

** Anesthetized, nephrectomized dogs used as test animals for purified renin group - anes- 
thetized, normal dogs used as test animals for W-J renin group. ^ 

t One day prior to administration of renin. 

J Died of uremia 10.5 weeks after daily renin injections were instituted. 

* 571 










572 


MEYER FRIEDMAN, H. E. KRUGER AND A. KAPLAN 


The plasmas of dogs 29 and 32 showed no increase whatever in their abilitj’- to 
neutralize the vasopressor effect of renin, while dogs 5 and 27. showed some 
increase in antirenin content at the end of the third and fourth months. 

Although a reduction in the blood pressure of hj'^pertensive dogs could not be 
obtained in our laboratoiy by means of the prolonged injection of renal extracts 
containing a high potencj’- of renin, there are manj^ reports concerning the re- 
duction in blood pressure bj’- the administration of other t 3 '-pes of kidney extracts 
(7, 8, 9), by the subcutaneous transplantation of kidney tissue (10), and by the 
injection of tyrosinase solutions obtained from mushrooms (11). 'While there 
maj'^ be some specific depressant at ivork in all of these experiments, there is also 
the strong possibilit}- that the effect is due to a non-specific factor. In this last 
connection, it maj’- be mentioned that whereas recentlj'' we have obtained a re- 
duction in the blood pressure of several h 3 ’^pertensive dogs folloudng the adminis- 
tration of a kidne 3 ’’ extract prepared according to the method given b 3 ' Page and 
associates (8), this reduction was usually accompanied b 3 ' toxic reactions which 
in severe cases appeared veiy similar to actual left ventricular failure . (rapid 
respiration, tach 3 ’-cardia, pulmonar 3 ’- edema). Severe untoward symptoms were 
noted also by Williams et al. (7) folloiving the reduction in h 3 ’'pertension induced 
b 3 '’ the parenteral administration of renal extracts. So far, there has been little 
evidence presented as to the mechanism whereb 3 ’' these extracts are effective. 

SUMMARY 

The daily injection of purified and W-J renin into seven h 3 ’’pertensive dogs for 
a period of three to four months was not accompanied b 3 ^ a significant reduction 
in blood pressure. In the majority of the dogs, also, there was no increase in the 
ability of their plasma to neutralize the pi-essor effect of renin. 
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Idl previous papers v'e reported the results of experiments in which a single 
carbohydrate, fat or protein constituted the sole source of nourislunent for rats 
(Richter, Holt and Barelare, 1938; Richter, 1941). Survival time and spon- 
taneous activity were used to measure the nutritional value of common repre- 
sentatives of each of the three main classes of foodstuffs. The rats lived longer 
on dextrose (57 days) than on any of 6 other carbohydrates; longer on saltless 
butter (53 days) than on any of 7 other fats; and longer on a casein digest (47 
da 3 '’s) than on any of 4 other proteins. 

In the follo'wing experiments dextrose was selected for a more detailed study 
on larger groups of animals using definitely improved single food choice methods. 
Studies were also made of the effect produced on survival time and energy out- 
put of these dextrose rats by giving them access to thiamine hydrochloride. In 
a preliminary study Holt and Kajdi (1939) reported that access to this vitamin 
prolonged the life of rats kept on a single food dextrose diet. They did not 
measure activity or any other effects. We have repeated these experiments, and 
have also included a comparison of hydrated with anhydrous dextrose. Records 
were made of the daily intake of the dextrose, thiamine hydrochloride, and water; 
also of the effects produced by this diet on the vaginal smears and bod 5 '--weight. 

Methods. The individual all-metal cages used for these experiments con- 
sisted of a living compartment 11 x 3| x 5 inches, made of | inch mesh wire 
cloth, and of a ^ inch mesh revolving drum 12^ inches in diameter and 6 inches 
wide, with a cyclometer attached to the axle to record revolutions of the drum 
in either direction. The living compartment contained a food cup designed to 
eliminate spillage and two inverted graduated 100 cc. bottles. At least once 
every 10 days the dz-ums and cyclometers were tested by recording the number of 
revolutions of the drum produced by a standard impetus (the force exerted 
by the fall of a 675 gram weight as it turns a 3| inch pulley attached to the end 
of the axle of the drum through 270°; each diaim was set to turn at least 60 
revolutions under these conditions). This test made certain that all of the 
diTims turned with essentially the same ease, and that the cj^clometers worked 
freely to give an accurate record of the running actmty. 

In almost all instances the rats deposit their feces in the I’evolving drum I’ather 
than in the living compartment. As the drum revolves the feces quickly reach 
the I inch space between the drum and the central partition and fall through to 
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the pan supported several inches below and beyond the reach of the rats. Since 
the completion of the previous experiments, it has been discovered that the wooden 
disc drums that were then in use did not in all instances prevent the rats from 
reaching their feces. Warping of the wooden disc made the space between the 
edge of the running drum and the central partition wider on one side of the 
drum than on the other, thus making it possible for the rats to reach through to 
the pan several inches below to pick up their feces. This coprophagy probably 
accounts for the longer survival time of the rats in the previous than in the 
present experiments.* The consistency of the results of the present experiments 
suggests that this defect has been remedied. 

The rats, aged 41 to 58 days, were placed in the activity cages, and given free 
access to tap water and the standard stock diet made according to the following 
formula: graham flour, 72.5 per cent; skim milk powder, 10.0 per cent; casein, 
10.0 per cent; butter, 5.0 per cent; calcium carbonate, 1.5 per cent; sodium 
chloride, 1.0 per cent. 

Approximately 15 da 3 ’’s later, when they had reached an average weight of 
140 grams (119 to 163 grams) and showed regular 4 to 5 day vaginal smear 
cjmles, they were divided into four groups and started on the single food choice. 
That is, thej'- were given free access to tap water and either (1) anh 3 ''drous dex- 
trose, or (2) dextrose hydrate, or (3) anhydrous dextrose and a 0.02 per cent solu- 
tion of thiamine hydrochloride, or (4) dextrose h 3 ’-drate and a 0.02 per cent solu- 
tion of thiamine hydrochloride.^ 

Records were made dail 3 ’’ of the running activity, vaginal smears, and of the 
intake of the stock diet or dextrose, thiamine hydrochloride solution and water. 
Body-weight was recorded weekRu The thiamine hydrochloride solution was 
made fresh weekly and changed in the bottles tmce weekl 3 ’’. All of the rats were 
thoroughly inspected for signs of deficienc 3 '^ at least once each week. A total of 
57 female rats were used in these experiments: 24 on anh 3 '-dfous dextrose; 9 on 
dextrose h 3 '-drate; 16 on anhydrous dextrose and thiamine hydrochloride; and 
8 on dextrose hydrate and thiamine hydrochloride. 

In order to be able to make comparisons between the effects produced on 
activity b 3 '- these different diets we used as far as possible onl 3 '- rats whose average 
daity running activit 3 '- had reached a level above 9,000 revolutions per da 3 ’' at the 
end of the 15 day preliminaiy period. However, on account of the relatively 
small size of our rat colon 3 ’- and the limited number of activity cages we were 
forced to use some animals which did not attain this level of activity. 

- After the experiments herein reported were completed it was decided to test the 
effect of unlimited coprophagy in animals on a dextrose diet. Accordingly three rats 
were started on the single food dextrose and tap water regime and were also given 
access, in a separate food cup, to their total daily feces. These animals lived 54, 54, and 
55 daj's respectively, thus stronglj’’ indicating that the ability to reach their feces had 
been responsible for the longer survival time of the animals in the previous than in the 
present experiments. 

’ The Corn Products Company kindly furnished the anhydrous de.xtrose (special an- 
hydrous) and the dextrose h3’drate (cerelose — ^9 per cent water). Merck and Company 
kindly supplied the cr3'stalline thiamine hydrochloride. 
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Results. Figures 1 A and B show records of two typical rats, one with access 
only to dextrose hydrate and tap water, the other with access to dextrose ^drate 
and tap water and a 0.02 per cent solution of thiamine hydrochloride. ^ The or- 
dinates show activity in number of revolutions of the drum, body-weight and 
food intake in grams, and intake of thiamine hydrochloride in cubic centimeter; 
the abscissae show age in days. During the 15-day period on the stock diet the 
activity of the rat on dextrose alone increased from approximately 4,000 revolu- 
tions per day to a level near 18,000 (from 2.5 to 11.2 miles). During the first 20 


activity in 

NIJU8£R Of* 

REVOLutiofis ^ DAILY RUNNING ACTIVITY B 





Fig. 1. Data from two typical rats; A, with access to dextrose hydrate and tap water 
only. B, with access to dextrose hydrate, tap water, and thiamine hydrochloride (0.02 
per cent) . 

days on the diet restricted to dextrose hydrate the rat became very active, on two 
days reaching peaks near 40,000 revolutions per day (25 miles). After the 20th 
das'- the activity dropped off markedly and reached a level of only a few hundred 
revolutions during the last few days that the rat lived (37 days). On the dex- 
trose diet body-weight decreased at a rapid and steady rate. The dextrose in- 
take did not begin to show a rapid decrease until after the 15th dajL Vaginal 
smears (shown at the bottom of the chart) showed the regular 4-5 day cycles of 
comified cells for the period on the stock diet and for 6 days on the dextrose diet. 
After that the smears showed only a constant picture of leukocytes and epithelial 
cells. The rat which had access to a 0.02 per cent solution of thiamine hydro- 
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chloride in addition to the dextrose was also veiy active for the first 20 tlays on 
the restricted diet; after that, unlike the rat on dextrose alone, it remained quite 
active (with dailj^ averages of 14,000 revolutions) up to mthin 15 da 3 '-s of death 
on the 78th day of this diet. Body-weight decreased much more slowl}'’ than 
that of the rat on dextrose alone. After the first 10 da^’^s the dextrose intake 
decreased slowly from 8.9 to 4.5. The intake of thiamine hydrochloride was 
high during the first few da 3 ^s, then decreased to a flat low level at which it re- 
mained for 25 da 3 ’^s, later to increase again at a stead 3 '^ rate up to the next to last 
day of life. On the dextrose diet the vaginal smears showed two 4-da3’' C 3 'cle 3 


TABLE 1 


DEXTROSE 

NUMBER 
OF RATS 

SEX 

AVERAGE AGE 
AT START 

AVERAGE 
WEIGHT AT 
START 

SURVIVAL TIME 

AVERAGE 

SURVIVAL 

TIME 




days 

srams 

days 

days 

Anhydrous 

j 

24 

o 

1 

64 

(56-71)* 

1 

138 

(120-157)* 

27, 28, 29, 32, 33, 33, 34, 
35,36,36,36,37,37, 38, 
39, 39, 40, 40, 40, 40, 
41, 42, 42, 54 

37 

Hj'drated 

9 

9 

62 

(56-66) 

148 

(123-160) 

32, 33, 34, 34, 35, 36, 37, 
39, 42 

36 

Anhydrous 4- 
vitamin Bj 

16t 

o 

63 

(58-73) 

144 

(130-163) ! 

62, 65, 67, 67, 72, 73, 74, 
74, 75, 76, 76, 78, S3, 
87, 87 

74 

Hydrated + 
vitamin Bi 

8 

9 

64 

(63-68) 

139 

(128-150) 

66, 70, 72, 74, 78, 80, 81, 
86 

76 

Control rats on 
no food 

11 

9 

57 

(40-72) 

141 

(118-210) 

3, 4, 4, 4, 4, 4, 4, 4, 4, 5, 6 

4 


* The numbers in parentheses show the variations in age and weight. 

t The 16th rat in this group was not included in the average survival time because it 
escaped from its cage for some hours on the 78th day of the experiment. It was killed on 
the 87th daj% when it appeared to be moribund. 

of cornified cells and then a constant dioestrous picture of leukocytes and epi- 
thelial cells for the next 30 da 3 ’^s. After that until the rat died the smears showed 
onl 3 ' cornified cells. 

Suruival times. Table 1 summarizes the results. On the anh 3 "drous dextrose 
the suiAdval time of the 24 rats averaged 37 days (27-54, -^vith only one animal 
living longer than 42 da 3 "s). On the h 3 'drated dextrose the survival time of 9 
rats had almost the same average — 36 da 3 '-s (32-42). Thus the h 3 ’'drated and 
anh 3 ^drous fonms of dextrose kept the rats alive for almost exactly the same 
length of time. 

TMien given access to a 0.02 per cent solution of thiamine h 3 'drochloride 15 
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rats^ on anhydrous dextrose survived an average of 74 days (62-87), while 8 rats 
on the hydrated dextrose with access to the thiamine hydrochloride solution 
lived an average of 76 days (66-86); that is, the addition of the vitamin supple- 
ment almost exactl 3 '^ doubled the sundval time of rats on a single food dex- 
trose diet. 

Body-weight. Figure 2 shows .the bodj-'-weight cuiwes for the four groups of 
rats. The two groups on anhj'drous and hj'^drated dextrose (1 and 2) had almost 
identical curves, decreasing at a steadj'' rate from approximate!}'' 140 grams on 
the first day of the single food diet to an average of 64 grams at death. The 
other two groups on anhj'drous and Itydrated dextrose (3 and 4), which had 
access to the vitamin supplement, also showed extreme!}^ little variation; how- 
ever, their curves deviated markedl}' from those of the two groups of rats on 



Fig. 2 .-.v- Fig. 3 

Fig. 2. Graph showing average body-weights of; 1, 24 rats with access to anh3'drous 
dextrose and tap water; 2, 9 rats with access to dextrose hydrate and tap water; 3, 16 rats 
withaccesstoanhydrousdextrose,tapwater, and thiamine hydrochloride (0.02 per cent); 
4, S rats with access to dextrose hydrate, tap water, and thiamine hydrochloride 
(0.02 per cent). 

Fig. 3. Food intake of; 1, 24 rats with access to anhydrous dextrose and tap water; 
2, 9 rats with access to dextrose hydrate and tap water; 3, 16 rats with access to anhydrous 
dextrose, tap water, and thiamine hydrochloride (0.02 per cent) ; 4, 8 rats with access to 
dextrose hydrate, tap water, and thiamine hj'drochloride (0.02 per cent). 


dextrose without the tdtamin, in that they showed a far less rapid decrease. At 
the end of 65 days these rats weighed someuFat more than the other rats did 
mter 35 da 3 ^s, but at death all four groups reached approximately the same weight 
(average— 62 grams). ® 


Intake of dextrose and thiamine hydrochloride. Figure 3 shows the dextrose in- 
take curves of all four groups in 10-day averages. Here again the rats on anhy- 
dious and hydrated dextrose without access to thiamine hydrochloride (1 and 2) 
had almost Identical curves. During-the first 10-day experimental period the 
dextrose intake for the two groups averaged approximately 9.5 grams, which is 


e^clpc^fmm if crJfn because it 
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only about 2.5 grains less than the intake of stock food in the preceding 10 days. 
However, during the second, third, and fourth 10-day periods the intake dropped 
steadily from 10 to 7 to 4 to 2.5 grams, with an average intake of 1.8 grams on 
the day preceding death. 

The animals on anhydrous and hydrated dextrose Avith access to thiamine 
hydrochloride (3 and 4) also had almost identical intake cun’^es, starting with 
an average daily intake of approximately 10 grams during the first 10-day period. 
Their intake decreased, however, at a much slower rate than that of the rats on 
dextrose alone. For the last 10 days of life their averages were almost twice as 
high as for the rats on dextrose alone. 

The intake curves of the thiamine hydrochloride are quite similar in the two 
groups receiving this supplement (fig. 4A). All the rats showed a marked appe- 


A. 

THIAMINt HYDBOCHLOBlOe 



EDgBSSE 


B. C 



Fig. 4A. Intake of thiamine hydrochloride in micrograms. 

B. Intake of thiamine hydrochloride in micrograms per gram dextrose — for: 
3, 16 rats with access to anhydrous dextrose, tap water, and thiamine hydrochloride 
(0.02 per cent); 4, 8 rats with access to dextrose hydrate, tap water, and thiamine hydro- 
chloride (0.02 per cent). 

C. Total fluid intake (water or water plus vitamin solution) for groups 3 and 4 
above and for: 1, 24 rats with access only to anhydrous dextrose and tap water; 2, 9 
rats with access only to dextrose hydrate and tap water. 


tite for the vitamin during the first few daj'^s, followed by an abrupt decrease in 
intake. A much lower level was maintained during the next several weeks, 
while in the second half of the experimental period the intake was again in- 
creased, in some cases very markedly. When the thiamine hydrochloride con- 
sumption is calculated in terms of micrograms per gram of dextrose, the rise 
during the later weeks becomes very much more striking, as shotvn in figure 4B. 
This increased need manifested itself about the 30th to 40th day; that is, about 
the time that it was found that the rats on the diet restricted to dextrose died. 

Fluid intake. Figure 4C shows the total fluid intake of all four groups of rats. 
No corrections have been made, either for evaporation, which varies from 0.6 to 
I cc. per daj^ or for the water content of the dextrose hydrate (9 per cent). All 
four curves are essentially similar, wdth an abrupt drop in daily fluid consump- 
tion from 20-25 cc. to 10-15 cc. when the animals are first changed from the 
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stock food to the experimental diet, followed by a slower decrease to an intake of 
between 4 and 6 cc. in the 30 to 40 day period. The two groups receiving the 
thiamine supplement lived another 4 to 5 weeks, maintaining approximately this 
same level of fluid intake. In contrast inth the food intake all four groups 
showed essentially the same fluid intake at the time of death. 

Activity. Figure 5 summarizes the results giving the records of all of the rats 
from each group that had a daily average above 9,000 revolutions for the last 
10-dav period on the stock diet. Sixteen rats on anhydrous dextrose and 9 rats 



Fig. 6. Activity of 1, 16 rats with access to anhydrous dextrose and tap water; 2, 9 
rats with access to dextrose hydrate and tap water; 3, 10 rats with access to anhydrous 
dextrose, tap water, and thiamine hydrochloride solution; 4, 3 rats with access to dextrose 
hydrate, tap water, and thiamine hydrochloride solution (0.02 per cent). 

Only those animals averaging more than 9000 revolutions per day during the last 10 days 
on stock food are included. 

on dextrose hydrate had almost identical curves throughout the experimental 
period (1 and 2). During the first and second 10-day periods on the dextrose 
diets the daily activity averaged higher than for the last 10 days on the stock 
diet, while in the two following 10-day periods it dropped off very sharply. 
During the last few days before death most of the rats averaged less than a 
hundred revolutions per day. 

^ Both groups of rats which received thiamine maintained a high level of ac- 
tivity for 50 to 60 days and in some cases were still very active one or two days 
before death. Figure 5 includes the running activity in 10-day averages for *10 
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rats on the anhydrous dextrose plus thiamine hydrochloride solution (3) and for 
3 rats on dextrose hydrate plus the vitamin (4); (the other animals in these 
groups were not sufficiently active while on stock food to be included in the 
averages). 

Deficiency symptoms. All of the rats showed regular 4 to 5 day vaginal smear 
cycles while on the stock diet, and nearly all of them completed either one or two 
more cycles after the start of the experimental diets. But after the first 10 daj^s 
all animals on dextrose, both with and without access to the thiamine solution, 
showed a constant dioestrous condition. This was maintained to the time of 
death in the rats receiving dextrose only, while those with access to thiamine 
began to show a constant cornification of the vaginal epithelium after an average 
of 51 days (42-71), thus indicating the development of a vitamin A deficiency 
(Evans, 1928). 

With the exception of the constant dioestrous condition of the vaginal mucosa, 
the animals on dextrose alone showed no specific deficiency symptoms. They 
were without exception markedly emaciated, with an average weight loss of ap- 
proximately 50 per cent before death, but the coat, skin and eyes were in sur- 
prisingly good condition throughout the experimental period. 

On the other hand, the 23 animals with access to thiamine hydrochloride solu- 
tion, living twice as long, showed definite signs of deficiency in nearly all cases 
during the last 20 to 30 days. In addition to the constant cornification of the 
vaginal smears showm by all of them, twenty showed some signs of keratitis, and 
most of the rats showed coarsening of the hair. 

Discussion. On the basis of results of previous self -selection experiments it 
would seem very likely that in the present experiment the rats made almost the 
best possible use of the available dextrose; or in other words they ate just as 
much dextrose as they were able to utilize. On the dextrose alone they kept 
themselves alive an average period of 37 days, which is 33 days longer than rats 
live when they have no food at all, only water. Noteworthy is the fact that 
these rats had no characteristic signs of any nutritional deficiency. When given 
access to thiamine hydrochloride the rats showed by their increased dextrose 
intake and prolonged activity, as well as by their doubled survival time, that 
they were able to utilize more of the carbohjrirate. 

These experiments furnish further evidence, under extremely simple condi- 
tions, of the dependence of dextrose utilization on the availability of thiamine 
hydrochloride. The significance of the higher intake of thiamine during the 
second half of the experimental period is not clear at the present time. 

The results of these experiments suggest the possible usefulness of the single 
food-choice method not only for the study of the nutritional value of individual 
food-stuffs but also for the study of the roles played by the various vitamins in 
their utilization. This method may be applied not only to the other sugars, 
and to the other members of the vitamin B complex, but also to the various 
fats and proteins. 
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SUMMARY 

1. Thirty-three young female rats maintained on a single food diet of dextrose 
and tap water survived an average of 36 days, whereas the controls given water 
but no food died in 4 days. 

2. The dextrose rats remained extremely active for the first 20 days on the diet 
but were almost totally inactive during the last week of life. 

3. Body-weight, food intake and water intake decreased steadily throughout 
the experiment. 

4. These rats showed no signs of specific nutritional deficiency, but were in a 
constant state of diestrus after the first 10 days on the diet as evidenced by 
vaginal smears, and became extremely emaciated before death. 

5. Twenty-four comparable rats given access to a 0.02 per cent solution of 
thiamine hydrochloride, in addition to the dextrose and tap water, survived 
more than twice as long — 74 days on the average. 

6. In this group activity was maintained at a good level for more than 50 days. 

7. Body-weight decreased slowly, to arrive at almost exactly the sapie terminal 
weight as in the unsupplemented groups, whereas the food intake during the 
last 10 days of life was twee that of the dextrose animals. 

8. The intake of thiamine hydrochloride calculated in micrograms per gram of 
dextrose fell from an average of 60 during the first 10 days to 40 in the 30^0 day 
period and then increased steadily to nearly 100 in the 70-80 day period. 

9. The rats receiving the thiamine supplement showed definite signs of vitamin 
A deficiency with constant cornification of the vaginal smears after about the 
50th day in all cases and development of keratitis in 20 of the 24 rats. These 
animals also were extremely emaciated before death. 


Since this paper was submitted for publication four rats were given access to 
dextrose, tap water and a 0.03 per cent solution of cocarboxylase, the phosphoryla- 
tion product of thiamine. These animals lived an average of 77 days — ^not 
significantly varying from the 74 days on the thiamine solution — and they too 
showed a marked increase in the vitamin/dextrose ratio during the latter half 
of the experimental period. 
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It is well known that there is increased activity of the thyroid during pro- 
longed exposure to cold (see Ring, 1939, for references) and that thyroidecto- 
mized animals do not survive as well as normal animals under such conditions. 
Yet cold does not bring about a large increase in activity of the thyroid since a 
sojourn of three weeks in a refrigerator at 2 to 4 degrees centigrade increases the 
basal metabolism of rats only 10 or 15 per cent. The total vmetabolism while 
the animals are in the refrigerator must be about three times the basal level (see 
Benedict and MacLeod, 1929, and Swft and Forbes, 1939). Therefore the rise 
in basal metabolism due to increased thyroid activity accounts for no more than 
3 to 5 per cent of the total output of heat required by the rat under such severe 
conditions. These facts have caused us to wonder whether the direct effect 
upon basal metabolism might really be of minor importance. It is possible that 
the greatest value of the thyroid lies in sensitizing the response to epinephrine 
(Goetsch effect) . To test this possibility, the calorigenic response to epinephrine 
imder varying conditions of thyroid activity has been measured. This included 
a study of the response to epinephrine after prolonged exposure to cold. In the 
course of these observ'^ations, it was found that the maximal metabolic response 
to cold as well as the response to epinephrine was potentiated by thyroxin. 

Method. Male rats weighing about 200 grams were selected for these experi- 
ments. The basal metabolism was determined by using the apparatus previ- 
ously described (Ring, 1940). The oxygen consumption was recorded during 
the four hours prior to the injection of the gelatin preparation of epinephrine* 
and for six hours thereafter. Periods of quiet were selected for calculating the 
oxygen consumption. A few measurements of the respirator 3 '- quotients using 
the Haldane principle have been made to be sure that the caloric expenditure 
may be satisfactority estimated by determining ox 3 ’-gen consumption alone. 

In stud 3 dng the response follovdng prolonged exposure to cold, rats were kept 
in individual cages in the refrigerator for three weeks. After thgy were returned 
to normal room temperature, a number of the rats were given ordinary drinking 
water but some were given water containing Nal (0.75 mgm. per cc.) in order 
to bring about a more rapid return of the basal metabolism to normal (see Ring, 
1941). At weekly intervals, the basal metabolism and the calorigenic response 
to epinephrine were measured. These responses were compared Mth those ob- 
tained in noiTnal rats, th 3 'roidectomized rats and rats injected vith th 3 TOxin. 

1 Armour’s Suprarenalin-Gelatin Mixture 1:500. 
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The last part of the project was to measui-e the maximal catabolic response to 
cold. Jars containing one rat each were placed in a water bath maintained^ at 
2.4 degi-ees centigrade and the oxygen consumption was measured over a period 
of three hours or more. Most of the rats did not produce enough heat to main- 
tain body temperature and it could be assumed that the response to cold pro- 
duced the maximal prolonged elevation in metabolism of which the animal was 
capable. This assumption does not hold true if measurements are made after 
the body temperature has fallen more than two or three degrees. Under such 
circumstances, the stimulation of metabolism is not maximal (see Ring, 1938) 
and the results were not considered in this study. Some of the rats were, how- 
ever, able to maintain a normal body temperature under the above conditions. 
It therefore became necessary to remove part of the hair from these animals if 
one was to be certain that the maximal catabolic stimulation had been produced. 
Using this method, the effects of thyroxin, thyroidectomy and removal of the 
adrenal medulla upon the maximal response to cold have been measured. 

Results. To make sure that epinephrine did not markedly affect the pro- 
portion of foodstuffs burned, respiratory quotients were determined in a few 
cases. The control measurements averaged 0.727 and during the six hours after 
receiving epinephrine these were 0.723. 

In order to determine the most suitable amount of epinephrine for these ex- 
periments, the effects of injecting doses of 0.2 to 0.05 cc. were first investigated. 
The larger doses frequently proved fatal and so were discontinued but it was 
interesting to find that these caused no greater metabolic response during the 
first two hours than the smaller ones. They did, however, have a more pro- 
longed effect. The increase in metabolism during the first two hours after the 
injection of epinephrine averaged for 0.20 cc. 52.5 per cent, for 0.15 cc. 53.7 per 
cent, for 0.10 cc. 52.5 per cent and for 0.05 cc. 49 per cent. Injecting the epi- 
nephrine at three different sites in divided doses did not change the response. 
In this case 0.15 cc. produced an average increase of 53.7 per cent. In sub- 
sequent experiments, because the larger doses were toxic and produced no greater 
response than the smaller ones, we have used 0.05 cc. of epinephrine as the test 
dose and have measured the response for two hours thereafter. The results for 
longer periods show the same relations as those described below but are less 
striking because the response dimimshes rapidly after the first two hours. 
Theie is no evidence that the calorigenic response to epinephrine is shortened 
duiing incieased thyroid activity or lengthened during decreased function. 

That gelatin in the mixture accounts for no part of the metabolic response 
was shonm by giving this Mthout epinephrine. The basal metabolism during 
control measurements averaged 34.5 ± 0.6 cal. per sq. meter per hour and after 
the gelatin was 33.3 i 0.5. The gelatin seived only to slow the absorption of 
the epinephrine and prolong the effect so that this could be more easily and 
accurately measured. 

In the first table we have shonm the response to epinephrine when varying 
amounts of thyroid hoimone (or thjToxin) are present in the body. It vill be 
noted that the degree of increase in calorigenic response to epinephrine mth in- 
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creasing thjToid activity varies as the height of the basal metabolism. This 
effect is clearly brought out by the straight line obtained when plotting the log- 
arithm of the response against the basal metabolism. 

TABLE 1 


Effects of changes in thyroid activity on the calorigenic response to epinephrine (0.05 cc. 

suprarenalin in gelatin) 


! 

RAT NO. 

BASAL ' 

; XIBTABOLISM* ' 

AVERAGE 
INCREASE* 
DURING 2 
Hours after 
EPINEPHRINE 
INJECTION 

INCREASE 

DOSE OF 
THYROXIN 

BASAL 

METABOLISM* 

AVERAGE 
INCREASE* 
DURING 2 
HOURS AFTEF 
EPINEPHRINE 
INJECTION 

, INCREASE 

1 

Hypothyroid rats 








fer cent 

mgm. 



per cent 

1 

25.7 

7.6 

29.5 





2 

25.8 

12.8 

49.5 





3 

26.0 

15.1 

5S.0 





4 ■ 

26.8 

12.7 

47.4 





5 

27.3 

10. S 

39.5 





6 

28.5 

10.3 

36.2 





Average 

26.7 

11.6 

43.4 






1 Normal rats 


Normal rats one week 
after receiving thyroxin 

7 

35.2 ! 

■m 

54.2 

0.5 

39.5 

17.3 

43.8 

8 

31.3 


62.8 


36.4 

21.6 

60.9 

9 

36.7 


49.8 


37.8 

22.2 

58.7 

10 

27.2 

14.3 

52.5 


36.6 

28.6 

78.1 





Average . . . 

37.9 

22.4 

60.3 



1 


4 




11 

32.3 

19.4 

60.0 

1 

39.9 

26.2 

65.7 

12 

32.2 

14.6 

45.3 

i 

44.5 

23.4 

52.8 

Average .... 

32.4 

17.6 

54.1 

Average . . . 

42.2 

24.8 

59.3 





8 







i 


51.5 

42.7 

82.9 






43.1 

55.7 

129.0 






52.7 

37.3 

72.8 





Average. . . 

49.1 

45.2 

94.9 


* Calories per square meter per hour. 


The above relationship between the basal metabolism and the epinephrine 
response is not shown when the change in metabolism is due to non-th 3 ’Toid 
factors which we have tried. Table 2 shows the effect of epinephi'ine in animals 
in which the metabolic rate is raised hy dinitrophenol (2 mgm. per 100 grams). 
This drug quickly elevates the metabolism and its effect continues over a period 
of several hours. In estimating the response to epinephrine superimposed upon 
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the dinitrophenol effect, suitable corrections have been made for the progres- 
sively diminishing calorigenic effect of the latter drug. If this had not been 
done, the contrast between thyroxin and dinitrophenol would have been even 
more striking. Nevertheless, in only one of seven observations was the per cent 
increase in metabolic response to epinephrine greater in a dinitrophenol-treated 
animal than in one not so treated. In four cases even the absolute increase in 


TABLE 2 

Calorigenic effect of epinephrine after dinitrophenol 


3tAT NO. 

BEFORE DIKITROPHENOt. 

AFTER DINITROPHENOL 

Increase* 

Increase 

Increase* 

Increase 


caL 

per cent 

caL 

per cent 

20 

16.3 

53.2 

15.3 

39.5 

21 

14.0 


17.2 

38. 2 

22 

13.8 

37.6 

15.7 

32.2 

23 

17.2 

46.2 

28.6 

63.0 

24 

22.1 

59.5 

25.7 

57.5 

25 

22.6 

69.8 

22.2 

49.4 

26 

19.9 

58.0 

13.2 

27.2 

Average 

18.0 

52.0 

19.7 

43.9 


* Average increase in calories per square meter per hour during the two hour interval 
following the injection of epinephrine. (The dinitrophenol raised the basal metabolism an 
average of 34 per cent. The epinephrine effect was superimposed upon this.) 


TABLE 3 

Calorigenic effect of epinephrine after fasting for 3 days 


RAT NO. 

BASAL UETABOLtSU* 

; INCREASE AFTER 

1 EPINEPHRINE* 

INCREASE 


25.7 

15.8 

per cent 

61.5 


25.2 

14.6 

57.8 


30.7 

14.9 

48.6 


28.6 

11.9 

41.6 


23.8 

6.7 

28.2 


23.6 

15.7 

66.5 

Average 

26.3 

1 

13.3 

i 

50.7 


* Calories per square meter per hour. 


metabohsm was smaller. Table 3 shows the results on fasted animals. The 
basal metabolism was about the same as in the hypothyroid rats but the stimu- 
lation due to epinephrine was on the whole greater both in per cent and in calo- 
ries. In only one rat of the six studied was the calorigenic response to epi- 
nephrine less than the average for hypothyroid rats. These results suggest that 
the type of response shown in table 1 may be specific for variations in thyroid 
actmty. 
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The importance of the thyroid gland in the calorigenic response to cold is 
shonm in table 4 in which the maximal catabolic response to cold during an 
exposure lasting for about three hours is shown. These results would probably 
have been more striking if larger doses of thyroxin had been used. This was not 
tried because the lowest temperature which could be obtained in the water bath 
used did not give maximal metabolic stimulation when the basal metabolism was 
very high. It vdll be noted that in eight of nine rats given thyroxin the increase 
in metabolic rate produced by cold was greater after the injection than before. 

TABLE 4 


Maximal catabolic response to cold with changes in thyroid activity 


RAT NO. 

BASAL METABOLISM* 

INCREASE* DURING 
EXPOSURE TO COLD 

BASAL METABOLISM* 

INCREASE* DURING 
EXPOSURE TO COLD 



Thyroidectomized rats 






met. 


met. 


30 

23.9 

46.6 




31 

25.2 

43.2 




32 

26.8 

46.1 



Average. 


25.3 

45.3 









Normal rats 

Normal rats one or two weeks 
after receiving 0.3 mgm. thyroxin 


33 

32.2 

51.2 

33.7 

52.8 


34 

34.3 

67.0 

34.4 

60.7 


35 

32.0 

61.2 

33.8 

69.3 


36 

32.8 

50.2 

34.4 

53.0 


37 

31.0 

65.3 

32.0 

74.5 


38 

36.5 

48.3 

37.4 

58.0 


39 

28.5 

64.7 

28.1 

61.0 


40 

35.2 

51.2 

33.9 

58.2 


41 

34.1 

55.7 

34.4 

59.8 

Avfirnvp.- 


33.0 

56.1 

33.6 

60.8 




* Calories per square meter per hour. 


The thju'oidectomized rats all showed smaller responses than an 3 ’' of the normal 
controls. 

This metabolic response to cold is due in part to shivering and in part to the 
release of adrenine. Other factors maj'’ also be involved. It would be interest- 
ing to know the relative importance of the adrenal medulla but we were imable 
to devise an accurate method for determining tliis, since after ablation of the 
adrenal medulla, more energ}’' maj’" be released by shivering and made available 
for maintaining bodj'' temperature (see Cannon, Nevdon, Blight, Menkin and 
Moore, 1929). We did find, however, that in spite of this, the response to cold 
was slightl}' reduced by demedullation. The average maximal increase in me- 
tabolism in response to cold was 49.5 cal. per sq. m. per hour in the operated rats 
as compared vith the normal response of 56.1 cal. To make sure that this was 
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due to a lack of adrenine and not a deficiency of cortical principle, we have 
given cortical extract to the operated rats. This produced no iinprovement in 
the response to cold. Another deficiency in the rats lacking secretion of adrenine 
is not brought out b 3 ’’ these observations. It is the inability to maintain this 
subnormal rate of heat production for even a few hours. After three hours in 
the cold, the body temperature of the normal rats was usually 33 or 34° C. but 
in the demedullated rats it had fallen below 30°. This perhaps .‘ndicates the 

TABLE 5 


Average calorigenic effect* of 0.05 cc. epinephrine following three weeks exposure to cold 


Tlin: AFTER 

LEAVING REFRIGERATOR 

BASAL METABOLlSil 

INCREASE AFTER 

1 EPINEPHRINE (FIRST 2 HRS.) 

1 

24 hours 

39.7 

31.1 ±1.1 

1 week 

38.0 

32.2 

2 weeks 

36.6 

32.5 

3 weeks 

33.1 

33.4 

4 weeks 

34.1 

27.9 

5 weeks 

31.5 

27.2 ±1.9 

6 weeks 

34.8 

32.2 

7 weeks 

33.4 

31.0 

9 weeks 

32.9 

23.9 ±1.2 

10 weeks 

32.3 

26.4 

11 weeks 

33.1 

27.2 


*, Obtained from observations on S rats. 


TABLE 6 

Basal metabolism and response to epinephrine when sodium iodide* is given after exposure 
to cold. {Average results from observations on 6 rats) 


TIME AFTER LEAVING REFRIGERATOR 

BASAL METABOLISM 

1 INCREASE AFTER EPINEPHRINE 

24 hours 

37.2 

38.2 

1 W’eek 

37.6 

37.7 

2 weeks 

33.1 

31.5 

3 weeks 

34.3 1 

26.2 

4 weeks 

34.1 

32.7 

5 weeks 

35.8 

32.8 

6 weeks 

34.7 

30.4 

* Seventy-five-hundredths milligram per cubic centimeter in drinking water. 


importance of the defatiguing effect of adrenine during shivering (see Luco 
1939). 

lifiien a rat is exposed to cold for three weeks or more, the thyroid is stimulated 
and as one would expect the response to epinephrine is potentiated. The results 
are shovm in table 5. As thjuoid activity diminishes with the return of the rat 
to noimal envhonmental temperature, the calorigenic effect of epinephrine is 
also reduced. The time required for these changes is shortened if Nal is given 
(table 6). ^ These results when compared with those in table 1 suggest - that the 
thjToid principle is alone responsible for the elevation in metabolism and the 
sensithity to epinephrine. 
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Discussion. The results given in table 1 show that the calorigenic response 
to epinephrine increases as the amount of thyroid principle present in the body 
increases. The amount of thyroid hormone present can be estimated from the 
observations on basal metabolism if we accept the work of Gaddum and Hether- 
ington (1931), or Meyer and Wertz (1939). These authors showed that the in- 
crease in basal metabolism produced by thyroid preparations was proportional 
to the logarithm of the amount of thyroid principle given. Biilman (1937) 
showed that the blood organic iodine bears this same relation to the basal me- 
tabolism. If one plots the amount of thyroid hormone estimated to be present 
in the body against the response to epinephrine, one obtains a hyperbolic curve. 
It is therefore possible that a reversible chemical reaction between epinephrine 
and thyroid hormone or adsorption may be involved in this change in calori- 
genic response to epinephrine vdth changing thyroid function. The data on 
maximal metabolic response during short exposures to cold shown in table 4 are 
not sufficiently complete but they may also be represented by a hi’^perbolic curve. 

CONCLUSIONS 

1. The calorigenic response to epinephrine is potentiated by thjToid hormone 
(see table 1). 

2. Every rise or fall in basal metabolism does not bring about a similar in- 
crease or decrease in the response to epinephrine (see tables 2 and 3). Therefore 
the sensitizing effect may be specific for thyroid hormone. 

3. The maximal catabolic response to cold is potentiated by thyroid hormone 
(see table 4). 

4. The secretion of the adrenal medulla may account for 10 per cent of the 
increased metabolism produced by cold. It is also important in maintaining an 
elevation in metabolism. 

5. After a prolonged sojourn in a refrigerator, the calorigenic effect of epi- 
nephrine in rats is about as much as Avould be expected from the elevation in 
basal metabolism (compare tables 5 and 1). 

6. Follovdng prolonged ex-posure to cold, the basal metabolism and the calori- 
genic effect of epinephrine become normal more quickly if extra Nal is given 
(see table 6). 
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Previous work from this department (1, 2) has shown that venous occlusion 
of the limb in the dog led to a shock-like state and death in 3| to 21 hours. This 
was associated ■with a loss of intravascular fluid into the leg of more than 4 per 
cent of the body weight, winch was attiibuted to the loss of plasma fluid caused 
by the elevation of the hjdrostatic pressure in the small peripheral vessels. Later 
alterations in capillary permeability lowered the osmotic pressure of the blood 
and pennitted proteins to escape and still later even the formed elements. The 
possibility, however, that the shock-like state and death were accelerated by the 
absorption of noxious materials from this leg through newly created venous col- 
laterals has not been excluded. The establishment of a return venous flow is 
indicated by the resorption of the swelling in the leg in animals surviving venous 
occlusion of the limb after priming uith desoxycorticosterone acetate (2) . If such 
a humoral factor plays a significant rdle in the syndrome folio-wing venous occlu- 
sion in the limb, some evidence of shock should be manifest even if the local loss 
of plasma fluid is prevented. This was the purpose of the present study in which 
the local loss of plasma fluid was restrained by encasing the limb in a plaster cast, 
which prevented the swelling ordinarily folio-wing venous occlusion. 

Method. The procedure used in occluding the venous drainage of the dog’s 
hind leg has been described previously (1, 2). Similar observations were made 
in the present study except that it was not possible to obtain blood pressure read- 
ings during the 36 hours that the cast was in place since both lower limbs were 
enclosed. Immediately after the operation was completed the cast was applied 
to both lower limbs and to the groin and lower abdomen. ^ The tail was placed 
along vith the unoperated leg and enclosed in the cast. No opening was made 
for urination and defecation because local edema, protrusion and constriction of 
the extruded tissue occurred when an opening was left; the animal could perform 
these exeretor}" functions inside the cast. In the first 7 dogs the extremities were 
covered ■v\ith a stockingette and then rvTapped mth plaster bandage. Since gan- 
grene of the toes of the occluded limb occurred in 3 of the animals, a preliminaiy 
^Tapping of raw cotton was used in the last 6 dogs. This cotton prordded a 
jdelding medium permitting some expansion without severe compression of the 

* Aided by the A. D. Nast and Emil and Fanny Wedeles Funds for Cardiovascular Re- 
search. 

; Tills extensive casting was used because in a preliminary experiment it was shown that 
fluid escaped above the cast into the groin, belly wall and down the other leg when the 
cast was applied only to the leg with the occluded vein. 
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smaller distal vessels and was successful in preventing the gangrene. After 36 
hours the cast was removed, the previous observations on the clinical state of the 
animal and on the hematrocrit were continued and determinations were made of 
the blood pressure and of the rate of limb enlargement. 

Results. Of the 13 dogs used, 11 survived, and only one died in shock 12 
hours after operation.® One other animal died of bronchopneumonia in 32 hours. 
This low mortality is in sharp contrast to our control series (1, 2) in which 13 
out of 15 dogs died in shock -within 3J to 21 hours. The animals vdth casts gen- 
erally ate and drank well, and were not apathetic. In fact several dogs, including 
the one which died in shock, were unusually active in attempting to remove the 
cast. 

No hemoconcentration occurred in these dogs, not even in the one succumbing 
in shock. By the second daj'- all of the 12 dogs showed varying degrees of hemo- 



Fig. 1. A comparison of the average increase in size of leg with venous occlusion in the 
control series (without casts) previously reported (2) with that in the present series in which 
a cast was applied for 36 hours. Zero time is the time at which the operation ended. Dis- 
cussed in text. 

dilution which continued for several days. The arterial blood pressure showed 
no significant deviation from normal after the cast was removed over the several 
days during which observations were made. No limb enlargement was found, 
the circumference at mid-thigh and at mid-calf of the limb with occluded veins 
and the control hmb were the same as before operation. However, over the next 
few hours some enlargement of the operated limb was found (fig. 1) but this was 
in no way comparable to the pre-vdous control series (2). This enlargement had 
no demonstrable effect on the animal’s condition, nor did it lead to a hemocon- 
centration or a drop in blood pressure, even though in four dogs the leg reached 
a large size, -viz., 125 per cent, 126 per cent, 130 per cent and 143 per cent of the 
control, respectively. 

Discussion. The absence of shock in all but one of these animals ■\rith venous 
occlusion when a cast is used to prevent the local accumulation of fiuid in the leg 


’ This animal had no leg enlargement. 
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is in sharp contrast to the development of a shock-like state and death follomng 
the same procedure in 13 out of 15 dogs wlien the cast is omitted. This suggests 
that the local accumulation of fluid is the primary, if not the sole, precipitating 
factor in causing this form of shock and in making it irreversible. These findings 
also rule out the possibility that neurogenic or humoral factors play more than a 
minor r61e in producing peripheral vascular collapse and in making shock irre- 
versible. The application of the cast should have no significant effect on neuro- 
genic impulses nor on the absorption of noxious substances from the leg into the 
blood stream. Hence it follows that the entire sequence is initiated and per- 
petuated by the local loss of plasma fluid. 

These experiments, therefore, support our previous deduction (1, 2). With 
the disturbances set up by the local accumulation of plasma fluid, a series of 
interrelated changes is established, the details of which are not known, which 
perpetuate, aggravate and ultimatelj’’ make the state of shock irreversible. 

There can be no doubt that the ether anesthesia used in this operation may 
have contributed to the picture and this may help to explain the death of one 
of the “cast dogs.” However, it requires more definite evidence than is at 
present available to ascribe this animal’s death to a toxic factor. 

The effectiveness of this method in preventing local loss of fluid was demon- 
strated clearly by the absence of leg enlargement when the cast was removed. 
However, leg enlargement appeared soon after removal of the cast. While in 
several of these animals the leg became large, in none was the rate of fluid loss 
as rapid as in the controls (fig. 1). Apparently, duiing the first 36 hours of 
casting sufficient venous collaterals had developed to improve the local circula- 
tion so that the hydrostatic pressure rise in the capillaries was lessened, and less 
local anoxia and impairment of capillarj’- permeability resulted, thus decreasing 
the rate of fluid loss. The absence of shock after removal of the cast empha- 
sizes that local accumulation of fluid determines this state not so much bj’- the 
amount of plasma fluid lost but rather by the rate at which it is lost. Apparently, 
compensatory factors can keep pace when the rate is slow, but above a critical 
rate they fail to do so and shock is initiated, perpetuated and becomes irreversible. 

Certain practical clinical implications are indicated by this study. They 
suggest the utility of appljdng a plaster cast to severely injured limbs in which 
plasma fluid loss may conceivably contribute to the development of shock. 
This is a simple procedure to carry out on man even away from the hospital, 
and should be seriously considered. 

It appears to us that some of the benefits reported by Trueta (3, 4) in cases 
in vhich crush injuries of the limb were cleansed, the debris removed and the 
leg immediately casted over the open wounds may be due to prevention of local 

fluid accumulation. In such treated cases shock was rare, one instance in 1073 
cases. 

Recently, the idea of eliminating the local fluid accumulation has been applied 
to crush injuries during air raids. This was accomplished by using a large blood 
pressure cuff connected to a pump intermittently raising its pressure in order to 

milk the edema from the injured limb (5). It was found that this procedure 
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prevented the occurrence of shock, whereas routine anti-shock measures in these 
crush cases did not prevent a fatal outcome. However, there is the danger of 
releasing emboli from intravenous thrombi which might be present as a result of 
the crush. It appears to us that fluid accumulation should be 'prevented by the 
immediate use of a cast rather than “milking” by intermittent external pressure. 

Duncan and Blalock (6) have reproduced severe crushing injuries in dogs and 
found that the use of a rubber boot, inflated to 40 mm. Hg, over the crushed limb 
decreased moidahty from 95 per cent to 33 per cent. This decline in mortality 
was ascribed to the prevention of local fluid accumulation in the limb. Our re- 
sults suggest that the same benefit might have been obtained by a plaster cast 
which is simpler and more readily applied. We see no need of raising the pres- 
sure as high as 40 mm . Hg. In fact by so doing circulatory embarrassment occurs 
which might be detrimental because it would further increase the local anoxia. 

The applicability of this casting procedure needs further exploration clinically 
both in civilian and military crush injuries of limbs. 

SXJMMART 

1. In a series of 13 dogs the application of a plaster cast for 36 hours to the 
lower extremities led to the suirdval of 11 animals following venous occlusion 
of the limb. Only one dog died in shock. This contrasts with the development 
of shock in 13 out of 15 dogs following this operation w'hen no cast is applied, 
death occurring in 3^ to 21 hours. 

2. These results indicate that the cast by preventing the local accumulation 
of plasma fluid avoided the shock S3mdrome. 

3. The local fluid accumulation which occurred following the removal of the 
cast developed at a slower rate than in the control series. The absence of un- 
toward results in the period following removal of the cast suggests that for the 
shock syndrome to become established the loss of plasma fluids must occur at 
a rapid rate, a rate faster than compensating mechanisms can cope with. 

4. This casting procedure appears to be applicable clinically for use in both 
civilian and military crush injuries. 
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Sulfanilamide, in the dosage customarily given to ambulant patients, has 
been shown by Roughton et al. (1) to reduce the capacity both for exacting 
mental work and heavy manual labor. The deleterious effect in the latter in- 
stance was shown to be in part due to interference with the normal I'ate of CO 2 
removal, owing to inhibition of the carbonic anhydrase of the red cells (2). It 
therefore became of interest to test, in a similar manner, the effect of ambulatory 
doses of sulfathiazole and sulfadiazine, since these two dings are 1, without 
inhibitory effect on carbonic anhydrase in vitro, and 2, are regarded as superior 
to some of the earlier drugs of the sulfanilamide series both in therapeutic action 
and freedom from toxic consequences. They are, indeed, in widespread use 
amongst military and industrial personnel, particularly for the treatment of 
gonorrhea, and a study of their exact effect on the working capacity of ambulant 
patients is therefore of obvious importance at the present time. 

Peocedukes. Except in a few details the experimental schedule wns identical 
with that used for studying sulfanilamide. The subjects were six normal male 
members of the laboratoiy staff, whose ages ivere between 23 and 40. Three of 
them received sulfathiazole and three sulfadiazine. Except in the case oi JT 
who took the drag for only tw-o days, all received it for three days, 3.0 grams on 
the first day, 2.0 grams on the second and 4.0 grams on the third, the dailj’- 
amount being divided into four or six equally spaced doses on each day. Com- 
plete tests according to the outline below w^ere performed on each subject before 
starting the drug, after 24 hours and after 72 hours of the drug, and in some 
cases several days after stopping the drugs. As a test of mental ability and co- 
ordination, the Johnson Code Test wns carried out daily in triplicate for three 
daj-s preceding the dmg, during its administration and for three days afterwnrd. 
Four additional subjects, not receiving the drugs, w'ere tested daily by the code 
test as controls during the same period. The Johnson Code Test was the onlj^ 
mental test used, as it alone of the three tried in the sulfanilamide wnrlc gave 
positive results. 

The following is an outline of the procedures for the main tests performed on 
at least three days on each subject. 

A. Under resting conditions, 1. Basal ventilation, oxygen consumption and 
CO 2 output were obtained from a ten minute collection of ex-pired air in a Tissot 
Gasometer. Pulse and respiratory rates were recorded. • 

2. Arterial blood samples were taken under oil and mixed Mth heparin Oo 
and CO 2 content were determined by the Van Styke technique on a portion of the 
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blood. The remainder of the blood was equilibrated in a tonometer at 37° 
(pC02 = 40, PO2 = 180) and then analyzed for CO2 and O2. From these analy- 
ses the alkali reserve (T40), PCO2, Hb02 saturation and pHa of the arterial blood 
were calculated (Dill et ah, 3) . 

3. Alveolar gas samples were obtained simultaneously ivith the arterial 
punctures. 

B. Bicycle exercise. (A bicycle ergometer was used with a mechanical brake. 
The brake tension was maintained at five pounds. This exercise required a 
metabohsm five to six times the basal figure.) 1. Ventilation, oxygen consump- 
tion and CO2 output were measured from a collection of expired air between the 
9th and 14th minutes of the exercise. 

2. Pulse rate was noted every five minutes throughout. 

3. Arterial blood and alveolar gas samples were collected after 15 minutes and 
analyses carried out as with the basal samples. Bloods were analyzed also for 
lactate and sugar. 

4. Exercise was stopped and rectal temperature was determined immediately. 

C. Exhausting treadmill exercise. (The treadmill grade was 8.6 per cent, the 
speed was 5.8 or 7.0 m.p.h. depending on the ability of the subject. The work 
was sufficient to exhaust the subjects within five minutes.) This exercise was 
begun only after at least 30 minutes’ rest following the previous exercise. 1. 
Ventilation was measured for each half-minute, and expired air samples were 
taken for analysis for each whole minute after the first. 

2. Pulse rate was recorded throughout by a Guillemin cardiotachometer. 
From each record the maximum rate was obtained. 

3. As soon as exhaustion forced the subject to stop he sat down and the pulse 
was counted for three one-minute periods: 5 to 1| minutes, 2 to 3 minutes and 
5 to 6 minutes after stopping. It has been found in this laboratory (4) that these 
three values give the main characteristics of the pulse recovery curve. 

4. Capillary blood from the finger was then obtained for lactate and sugar 
determination. 

Results. The quantitative results as well as the subjective reactions to these 
drugs w^ere remarkable chiefly by the extremely small changes from the normal 
state. In contrast to the feelings after sulfanilamide no subject complained of 
any severely disturbing symptoms; all carried on their usual activities. Three 
subjects (two on sulfathiazole and one on sulfadiazine) noted an increase in the 
number of daily bowel movements together with some uncomfortable flatus.. 
In no case w^as there true diarrhea, nausea, vomiting or anoreria. Several sub- 
j ects said that they had slight malaise, a vague feeling of being below par. How- 
ever, SR, who had the highest blood level of the drug, noted no unusual subjective 
sensations. 

Table 1 presents a part of the results of metabolic studies and blood analyses. 
It is presented in a form similar to the previous report on sulfanilamide so as to 
facilitate compaiison. It includes many negative .results together wdth all 
those showing any changes. Of the measurements and obseiwations not pre- 
sented in tabular form, none shoived any suggestion of significant change. 
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Stimmary of data on subjects before, during and after administration of sulfalhiazole and sulfadiazine 
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The blood levels of sulfathiazole and sulfadiazine ranged from 1.1 to 5.8 mgm. 
per cent, being higher as expected on the third day and higher dosage of the drug. 
The individual variations in drug concentrations on the same intake is in line 
■with the commonly observed variations under therapeutic usage. Estimations 
of sulfhemoglobin and methemoglobin on the same blood samples showed no 
more than 0.2 gram per 100 cc. in any instance. 

The basal oxygen consumption sho-wed minor changes which were unexpected 
and not observed following sulfanilamide. There was an increase during drug 


TABLE 2 

Time in seconds* to complete Johnson Code Test 


NAME 

BEFORE 

DURING 

AFTER 

A. Sulfadiazine 

S. R. 

147 

148 

142 

F. C. 

106 

105 

106 

Average 

127 

127 

124 

B. Sulfathiazole 

R. D. 

93 

91 

92 

E. T. 

122 

116 

115 

W. F. 

102 

108 

110 

Average 

106 

105 

106 

C. Controls 

S. M. H. 


94 

88 

W. H. 


157 

157 

J. R. 


-82 

75 

R. J. 

112 

96 

94 

AAmrage 

115 

107 

104 


* Increased time indicates poorer performance. 


administration in three of the six cases Avith a return to or below the pre'vious 
level following cessation of the drug. In two other cases the rate of oxygen con- 
sumption follo'wing the drug was loAver than the figures during either the first con- 
trol or drug period. The maximum change in anj’- case was about 8 per cent 
Avhich is not a figure of gi’eat practical importance. We cannot state its cause or 
theoretical importance at present. 

The analyses of the resting arterial bloods shoAved no regular changes. The 
maintenance of a constant alkali reserA'^e (T40) is in clear contrast to the effect of 
sulfanilamide. AlATolar pressures of CO2 (not on table) agreed fairly Avell in 
all instances A\dth the calculated pCO" of the arterial blood. 
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The changes noted under the bicycle exercise may all be logically attributed 
to a training effect (only one of the subjects FC was accustomed to bicycling) 
or to unavoidable slight variations in the brake tension. The effects of training 
are seen in a drop in the ventilation, the blood lactate and the oxygen consump- 
tion. This change in ventilation is in marked contrast to that following sul- 
fanilamide which was an average increase of nearly 30 per cent. 

The arterial blood during exercise shows again no changes attributable to the 
drug. Here one can again observe the effect of training in some subjects in that 
in the early experiments \nth higher blood lactate values the alkali reserve 
(T40) was lower than in later tests. This is the reverse of the effect of 
sulfanilamide. 

The alveolar CO 2 values in exercise (not in the table) were not as satisfactory 
technically as those at rest. Regardless of these difficulties one can still con- 
clude that there were no differences between the drug and control periods. 

The results from the exhausting runs show a remarkable constancy in gaseous 
exchange during the last two minutes, no trace of the failure in CO 2 removal or 
the drop of R.Q. observed following sulfanilamide. Likewise no feeling of 
suffocation was experienced as after sulfanilamide. There were unavoidable 
and expected slight variations in the time the subjects could run before exhaus- 
tion. In only one subject (GT) was there a significant decrease which in this 
case was probably due to an upper respiratory infection beginning after the 
control run. 

The results of the Johnson Code Tests are presented in table 2. All changes 
recorded are small and probably not significant. In no case was there any ob- 
vious deterioration during the drug period. On the average the control (no 
drug) subjects showed a somewhat greater improvement in performance during 
the nine day test period than those taking the drugs. Whether this signifies a 
masking of improvement in the latter group b}’' the drug can only remain an 
academic question in view of the small changes involved. 

Discussion. Under the conditions of these tests it appears that sulfathiazole 
and sulfadiazine are remarkably benign drugs in their effect on physical and 
mental performance. This is especially significant in view of the fact that the 
daily dosage on the third day was double that recommended for ambulant pa- 
tients. It is obvious that these tests tell us nothing about the possible cumula- 
tive toxic effects from more prolonged administration. With ambulant patients 
on short term doses there appears to be no reason why their normal activities 
should be curtailed. 

The difference between the effects of sulfanilamide on one hand and sulfa- 
thiazole and sulfadiazine on the other maj’- be explained to a large extent bj'- the 
fact that the fomer poisons the carbonic anhydrase of the body while the latter 
does not affect it. Although the mechanisms are not clear, it is possible to ex- 
plain the drop in alkali reseiwe and the difficulties in CO 2 removal under sulfa- 

mlamide by this fact. The disturbance in mental capacity is not so directly or 
clearly related. 
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CONCLUSIONS 

1. SulfatMazole and sulfadiazine, in doses recommended for ambulant therapy 
and in double these doses for one day, caused only negligible sjmiptoms and no 
limitation in the normal activity of six laboratory workers. 

2. No disturbances in acid-base balance were observed either from the studj'’ 
of arterial blood or the metabolism at rest or in work. 

3. The ability to perform moderate and exhausting work was not impaired 
by the drug, i.e., in CO 2 transport and removal. 

4. Mental ability and coordination as tested by the Johnson Code Test were 
essentially unchanged by the drugs. 

5. These findings contrasted markedly with the results of sulfanilamide which 
caused disturbances in all the categories above, especially in the exliausting work. 

6. Sulfathiazole and sulfadiazine may be safely administered up to 4.0 grams ' 
per day (at least as far as immediate effect is concerned) to those doing heavy 
manual labor or exacting mental work. 

Acknowledgment. We should like to express our thanks to Dr. Perrin H. Long 
for his interest in this work and his advice. 
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The systemic effects of bile (whole bile, bile acids, bile salts) have been studied 
by many workers. Within the circulation the substance is universally regarded 
as toxic, inducing severe cardiovascular and nervous depression (cf.fSollmann, 
1942). The mechanism of the action is, however, still in doubt. Bradycardia, 
a prominent feature of biliary obstruction, was ascribed by Lowit (1882) to an 
effect upon vagal centers. Weintraud (1894) was able to abolish the slow pulse 
of clinical icterus by means of atropine. On the other hand, Wakim, Essex 
and Mann .(1939) found that even the isolated perfused heart was usually 
depi’essed by bile salt, although occasionally they observed initial increases in 
rate and amplitude. Horrall and Carlson (1928) reported that the slondng of 
the heart which occurred immediately after the intravenous administration of 
bile salt was modified by vagotomy, while the whole inhibitoiy effect was pre- 
vented by atropine. The even more important hypotensive action of bile salt 
(Meltzer and Salant, 1905) was shown by Still (1929) to be largely independent 
of atropine or vagotomy. Baltaceano and Vasiliu (1934) attributed the fall of 
blood pressure to “increased sensitivity of carotid sinus and aortic nerves.” 

The question of the mechanism of action of the bile salts upon the bod}'’ at 
large has gained renev^ed interest from recent work which suggests a relationship 
between bile-salt action and the acetylcholine-esterase system. Antopol ct al. 
(Antopol, Tuchman and Schifrin, 1937; Antopol, Schifrin and Tuchman, 1938) 
reported low cholinesterase values in the blood semm of patients vdth liver and 
biliaiy disease. The characteristic circulatory depression might therefore be 
ascribed to a greater than normal concentration of acet.ylcholine in the circula- 
tion, a direct result of the failure of esterase. In a further stud 3 '- Sobotka and 
Antopol (1937) concluded that bile salt can inhibit the action of cholinesterase 
in vitro. More recently IMcArdle (1940) observed a greatly depressed cholines- 
terase activity in parenchymatous liver disease (hepatitis, cirrhosis, metastases) 
but not in simple obstmctive jaundice. Since serum with low esterase values 
did not on dial 3 ^sis lose the inhibitory substance, McArdle concluded that the 
deficiency of esterase in the conditions mentioned was not due to an “enzAone 
inhibitor.” 

The essential point of the hypothesis under consideration is whether bile salt 
does indeed induce cardio^^ascular depression by inhibiting the cholinesterase 
power of blood or other tissues. We have studied this problem in two types of 
experiments, one in the whole animal, the other on the isolated frog rectus 
abdominis muscle (an indicator of acetsdcholine). 
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I. Mechanism of systemic action of hile salt. A series of observations was made 
on dogs and cats under nembutal anesthesia, in whom changes in blood pressure, 
heart rate and respiration were recorded. We noted first the effects on the 
functions mentioned of bile salt itself, then the effects of acet 3 dcholine given 
after the bile salt. Secondlj", we studied the effects of atropine, of vagotomj’’, 
and finallj^ of destruction of the spinal cord upon the animals’ response to bile 
salt. The dogs received, as a rule, 120 mgm., the cats 30 mgm. of bile salt per 
whole animal. 

1. The hypote7isive action of hile salt. The most consistent and striking action 
of bile salt, injected intravenouslj’-, was fall of the blood pressure.^ The extent 




Fig. 1. A, B and C compare the hypotensive action of single doses of acetylcholine and 
sodium taurocholate. The three curves obtained in the same subject (dog, 15 kgm.) at 
four-minute intervals show that the effect of acetylcholine is not enhanced by the previous 
administration of bile salt. 

D shows the well known “nicotine action” elicited by acetylcholine after previous 
administration of atropine (in a cat). The depressor is largely converted into a pressor 
effect. 

E depicts the persistent depressor effect of bile salt after atropine injection (in a cat). 


of the fall Avas proportional to the dose. It began Awthin a ferv seconds and 
(depending on the amount injected) lasted up to three minutes after completion 
of the injection. There was eAudence too of differences in susceptibility, the 
more sensith'^e cats shoAA'ing a good depressor response to 3 or 4 mgm. The 
hj^potensiA^e action of bile salt resembled the fall of blood pressure produced bA" 
suitable doses of acet.ylcholine, the effectiA'^e dose for the latter being, hoAA'ever, 

r Rarely the bile salt caused, in both species, a definite pressor response, sometimes ac- 
companied by increased rate and amplitude of the heart-beat. This phenomenon nas 
noted many j'ears ago by Landois (1S63). In our experiments the pressor and augmentor 
effects were most apt to occur on the first of a series of injections, then to disappear and to 
giA'c way to the more typical depressor response. 
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much smaller. Even the shape of the blood-pressure curve was frequently 
similar for the two substances (fig. 1, A, B, C). Table 1 shows the extent of the 
fall of blood pressure caused by different doses of the two substances (given 

separateljO • 

2. The influence of bile salt on lieavt action. In only 8 out of 21 experiments 
Avas fall of blood pressure accompanied hy slowing of the heart. When present, 
the reduction in rate was evident immediately after the injection and was usually 
followed by a marked acceleration. There were no disturbances of rhythm. 
The rate of the sloived heart varied from 40 to 70 per cent of the normal rate, 

3. The effects of atropine, vagotomy and destruction of the spinal cord on the 
cardiac and hypotensive action of bile salt. Several experiments were carried out 
to ascertain whether the effects of the bile salt were mediated by central vagus 
or peripheral mechanism. The sloudng of heart rate was regularly prevented 
by section of both vagus nerves or bj’- atropine (1 to 2 mgm.), as shoum in 


TABLE 1 


ANmAL 

MGM. BILE SALT 
INJECTED 

PALL OF BLOOD 
PRESSURE 

MGM. ACETVLCnOLlNE 
INJECTED 

FALL OP BLOOD 
PRESSURE 

Dog 

120 

mm. Us 

55 

0.005 

mm. Us 

55 

Dog 

180 

40 

0.07 

45 

Dog 

120 

40 

0.25 

90 

Cat 

30 

90 

0.008 

80 

Cat 

30 

95 

0.002 

50 

Cat 

30 

50 

0.06 

95 

Cat 

4 

25 

0.002 

85 

Cat 

30 

65 

0.003 

SO 

Cat 

30 

110 

0.008 

45 

Cat 

30 

80 

0.25 

90 


figure 2, A, B. It was therefore primarily of central vagus mediation. AArith 
very large doses of bile salt, hoivever, we found, in confirmation of previous 
results, that slowing of the heart persisted after vagotomy. This direct action 
upon heart muscle would appear to be really toxic. 

The hypotensive action of bile salt still persisted after any or all of the above 
pioceduies. It remained virtually unimpaired after injection of atropine, and 
in all but three instances after double vagotomy. In these exceptional cases 
where section of the vagus nerves prevented most of the fall of blood pressure 
one might suppose stimulation of the sino-aortic mechanism by the bile salt 
(cf. Baltaceano and A^asiliu, loc. cit.). 

The most illuminating evidence as to site of the hypotensive action came 
from experiments in which the spinal cord was pithed. Here, in' spite of the 
fact that the initial blood pressure ivas already very low, we still rvere able to 
elicit a definite reduction of the pressure with the usual amounts of bile salt 
(see fig. 2, C, D, E, F). 
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One may tlius conclude that, while the cardiac slowing after injection of bile 
salt is mediated bj’' central vagus, the hypotensive action is essentiallj^ a periph- 
eral affair. 

4. The possible prostigmine- {eserine-)Uke action of bile salt. Preliminary 
“calibration” tests were made to establish definite responses of blood pressure 
to known amounts of acetjdcholine and of bile salt. Then the bile salt was 
injected and followed at different time-intervals bj^ acetylcholine. Whether 
elicited 1 minute or 35 minutes after the administration of bile salt, the response 
to acetylcholine was not significantly changed. This failure of potentiation bj*' 



c r> 
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Fig. 2. A and B show the effect of vagotomy upon the cardiac slowing induced by injec- 
tion of bile salt (in a cat). In A the vagi are intact, in B, divided. The depressor effect 
persists but the heart is not slowed. 

C and D show that after high cervical section of the spinal cord (in a dog, 15 kgm.), 
despite the low level of the blood pressure, acetylcholine and sodium taurocholate still 
exert a depressor effect. 

In E and F the depressor action of both substances is still evident in the same animal 
after spinal pithing. 

bile salt was in marked contrast to the influence of prostigmine itself which, in 
the same subjects, gave the expected great exaggeration of the response to 
acetylcholine. Of further interest were our experiments with atropine. Thi.s 
drug readily abolished the enhancing action of prostigmine, and not merely 
prevented the depressor response to acetylcholine but even con^"erted the effect 
of the latter to a pressor response (nicotine action) (fig. 1, D). The depressoi 
action of bile salt was, however, little if at all modified by atropine. A typical 
result is shown in figure 1, E. 

From the above experiments two conchi.sions can be drawn; 1, bile salt doc= 
not exert a potentiating (eserine-like) influence upon circulating acetylcholine. 
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and therefore the characteristic hypotensive action of bile should not be attrilr- 
uted to inhibition of cholinesterase; 2, the action of bile salt, though effectively 
similar to that of acetylcholine, is not exerted through the latter agency. 

II. Action of Ule salt on the isolated frog rectus abdominis muscle. In this 
series of tests we studied the action of bile salt upon contraction of frog rectus, 
then the potentiating action of bile salt upon acetylcholine, and finally com- 
pared the preserving ability of bile salt with that of prostigmine upon quantities 
of acetylcholine added to whole blood. 

1. Bile salt causes contraction of frog rectus abdominis. It was fir-st noted that 
bile salt itself, in sufficient quantities, can cause contraction of the excised 
muscle. Our average threshold figure for frog rectus was about 9 mgm. in 
7 cc. of Ringer’s solution. This concentration caused a just perceptible con- 
traction, while larger quantities caused correspondingly greater effects. 

The contraction of frog rectus by bile salt is, however, not due to intervention, 
or to potentiation of acetylcholine. The curves in the case of the two agents 
were not at all similar, that for bile salt being more gradual and taking an 
infinitely longer time to return to the base line. This latter feature was indeed 
characteristic of the contraction induced by bile salt. 

In the case of leech muscle, strong contraction was obtained udth 15 mgm. of 
bile salt in 7 cc. of Ringer’s solution, an amount definitely above “threshold” 
level. 

2. Bile salt does not enhance response to acetylcholine. From the first demon- 
stration hy Loewi and collaborators (Loeni and Navratil, 1926; Engelhart and 
Loewi, 1930) it has been known that the optimum response of isolated muscle to 
acetjdcholine requires prior treatment ndth physostigmine. The latter sub- 
stance prevents rapid inactivation of the acetjdcholine bj’- the blood or tissue 
esterase. We made a systematic search for a similar effect of bile salt, with 
entirely negative results. Different concentrations of the latter agent in Rin- 
ger’s solution proved completelj’’ devoid of the chai-acteristic eseiine effect. 
Even the large amounts that in themselves induced muscidar contraction gave 
no greater contraction when acetjdcholine was placed in the Ringer’s fluid. 

3. Bile salt does not preserve acetylcholine in whole blood. In our final series of 
experiments we compared the effect of prostigmine with that of bile salt on 
preseia^ation of acetjdcholine added to freshlj"- drawn dog and cat blood. In 
every experiment two samples of blood were prepared; each sample contained 
4 cc. of blood plus 3 cc. of Ringer’s solution. One sample contained, in addi- 
tion, f mgm. of prostigmine plus acetjdcholine in a concentration of 1 : 3,000,000. 
A second sample contained bile salt (5 mgm.) plus the same amount of acetjd- 
choline, but no prostigmine. These two samples were allowed to stand at room 
temperature for an average time of four hours, then tested on the frog rectus 
muscle. At the end of the time stated, the sample with pro.stigmine contained 
100 per cent of the original acetjdcholine; the sample ndth the bile salt contained 
a negligible amount. There was therefore complete absence of esterase inactiva- 
tion by the amount of bile salt used. In several control determinations we 
added acetjdcholine to whole blood, waited some hours for the acetjdcholine 
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to disappear as the result of inherent esterase activity, then added prostigmine 
or bile salt just prior to assay. In these latter cases the effect on the muscle 
was always negligible. The above observations prove that the esterase activity 
of Avhole blood is not appreciably inhibited by bile salt. Typical experimental 
results comparing the acet3dcholine preserving poAver of bile salt Avith that of 
prostigmine are shoAvn in figure 3. 



Fig. 3 compai-es the acetylcholine preserving power of bile salt with that of prostigmine 
as shown by effects on the frog rectus abdominis muscle. First, a known amount of acetyl- 
choline was added to dog’s blood (A) and to cat’s blood (B). In both sets of curves a‘ 
represents the contraction of the rectus muscle four hours later when j mgm. prostigmine 
had been added; all of the original acetylcholine is still present, b' shows complete disap- 
pearance of the acetylcholine in the same blood in the presence of 5 mgm. bile salt instead 
of prostigmine. a- and are control curves in which the prostigmine and bile salt re- 
spectively were added just before the assay to blood which had stood for four hours. 

SUMMARY AND CONCLUSIONS 

1. Bile salt in moderate doses (maximum 100 mgm. for a cat, 300 mgm. for 
a dog, injected intraAmnousljO produces a consistent, though short-lasting fall 
of the blood pressure. This depressor action persists after atropine, after 
Amgotomy, and after destruction of the spinal cord, and is of peripheral origin. 

2. The hypotensiAm action of bile salt is onl}^ occasionally accompanied by 
cardiac sloAAung. This sloAAnng is abolished b}"^ A’-agotomj’- and bj’’ atropine, and 
is therefore of central Amgus origin. 

3. Bile salt bj" itself, unlike prostigmine, does not enhance acet 5 dcholine 
action; nor is its OAA'n action influenced by prostigmine. The characteristic 
depressor effect of bile salt in the circulating blood is therefore not essentially 
due to inhibition of cholinesterase. 

4. These conclusions do not support the main contention of Antopol et al. 
{loc. cli.) or of Sobotka and Antopol {loc. cit.) regarding the pltysiological mecha- 
ni.sm of the action of bile salt, nor the practical inference that the “vagotonic” 
signs of biliarj^ disease are due to esterase inhibition. 

We AA-ish to express our thanks to Dr. B. P. Babkin for his continued sugge.s- 
tions and help in these exiieriments. The Avork AA’as financed in part bj" a grant 
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from the Associate Committee on Medical Research of the National Research 

Council of Canada, to whom our thanks are due. 
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Armstrong and Heim (1, 2) first called attention to changes which occurred 
in the adrenal glands of rabbits exposed repeatedlj’’ to low pressure. In their 
experiments young male rabliits were exposed for four hours daily, five days 
each week, in a decompression chamber to a pressure equivalent to 18,000 feet 
altitude. We haAm attempted to confirm the findings of Armstrong and Heim 
with respect to the changes in the adrenal glands of animals so exposed and 
have, in addition, extended the studies to include observations on other physio- 
logical and biochemical changes which occurred in animals subjected to this 
neAv environment. 

1. Studies on r.a.ts. A. Methods. Young male rats of the Sprague Dawley 
strain Aveighing approximately 150 grams ivere used in all experiments. During 
the period of exposure the diet consisted exclusively of Purina Dog Chow. The 
control animals received the same diet and care as the exposed animals. Dur- 
ing the periods in which the exposures to decreased pressure were being made, 
the control animals were placed in a cage outside of the decompression chamber 
in the same room. The temperature in the room was approximate!}'' the same 
as that within the decompression chamber. 

A small metal decompression chamber equipped with an electric light and a 
glass Avindow Avas used in these studies. The Amntilation rate through the small 
chamber Amried betAveen 8 liters per minute at a pressure of 226 mm. Hg and 
75 liters per minute at a pressure of 429 mm. Hg. The temperature AA'ithin 
the chamber remained relatRely constant, i.e., 23°C. d= 2.5°. Exposures Avere 
made for four hours daily, fiA’^e days a AA^eek for fiA-e to eight Aveeks. No exposures 
Avere made on Saturdays or Sundays. 

One group of rats Avas exposed to a normal atmosphere at a barometric pres- 
sure of approximately 379 mm. Hg (pOi c. 80 mm. Hg). According to the 
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Altitude-Pressuve Tables Based on. the United States Standard Atmosphere (3) 
this is approximateljr equivalent to the pressure at an altitude of 18,000 feet. 
Henceforth in this discussion the pressure levels employed for exposure will be 
referred to in terms of equivalent altitude expressed in feet using the data of 
Altitude-Pressure Tables Based on the United States Standard Atmosphere and 
unless specifically stated no corrections null be made for temperature ndthin the 
exposure chamber. Another group of animals was exposed to a barometric pres- 
sure of 258 mm. Hg, (pOo c. 54 mm. Hg) equivalent to 27,000 feet altitude. 
Individual weight records were kept in ail instances. Following the completion 
of a series of exposures the animals were rested for 48 hours and sacrificed after 
a 24 hour fast. At this time the blood sugar (4) and liver glycogen content (5) 
were determined and in a few animals red blood cell volume (6) was measured. 
Complete post-mortem examinations were made and microscopic sections of the 
adrenals, thyroids and hj’-pophyses were studied. 

Adrenalectomized rats were also exposed to reduced pressure. These animals 
were maintained by means of 1 per cent sodium chloride in the drinking water, 
or daily injections of adrenal cortical extract®, or a single pellet of crystalline 
desoxycorticosterone acetate® (125 mgm.) implanted subcutaneously. 

B. OhservaUons. Normal young male rats were able to withstand repeated 
exposures of four hours daily in the decompression chamber at a pressure equiva- 
lent to 18,000 feet altitude. The majority of animals were also able to withstand 
repeated exposures at a pressure equivalent to 27,000 feet altitude. It is inter- 
esting to note that in most instances the animals that did not sundve exposure 
at the higher altitude (27,000 ft.) died during or following the first or second 
exposure period, and not as a consequence of repeated exposures. 

In general the animals showed greater restlessness, a Ifigher rate of respiration, 
evidence of air hunger and signs of irritabilit}'' and discomfort during the first 
exposure. Animals that exhibited a great degi*ee of motor actiidty in the cham- 
ber usually tolerated the exposures poorl 3 ^ Animals that survived repeated 
exposures were observed to rest quietlj'- during the exposure and to recover 
rather rapidly after recompression to atmospheric pressure. 

Repeated daily exposures for five successive da 3 "S in each week at a pressure 
equivalent to 18,000 feet altitude had little or no effect upon the rate of growth 
of young rats (fig. 1). At a pressure equivalent to 27,000 feet altitude, however, 
there was a noticeable sloping in the rate of weight gain during periods of ex- 
posure (fig. 2). These periods- of decreased rate of grondh were followed by pe- 
riods of accelerated rate of weight gain during the non-e.xposure periods (48 hrs. 
each week, i.e., Saturda 3 '-s and Sunda 3 ^s). 

The hematocrit (per cent red cell volume) was determined in three rats which 
had been e-xposed on 27 occasions to a pressure equivalent to 27,000 feet altitude. 


' cortical extract used in this study was provided by Dr. E. C. Kendall of 

the Mayo Clinic, Rochester, Minn. 

6 Crystalline desoxwcorticosterone acetate (pellets of 125 mgm. each) and desoxycorti- 
costerone acetate in sesame oil (Percorten) were provided through the courtesy of Dr. E. 
Oppenheimer of the Ciba Pharmaceutical Products, Inc., Summit, N. J. 
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The average value for the hematocrit was 80 m the exposed animals as compared 
to 60 in unexposed controls. These observ'^ations are, of course, too few to be 
conclusive but suggest that repeated, short-period exposures to low pressure 
have an effect on hematopoiesis similar to that which has been observed in 
human subjects and certain animals during continued residence at high altitudes. 



Fig. 1. The effect of repeated daily exposures, 4 hours daily 5 days a week, to a pres- 
sure equivalent to 18,000 feet altitude on the rate of growth of young male rats. 

Fig. 2. The effect of repeated daily exposures, 4 hours daily 5 days a week, to a pres- 
sure equivalent to 27,000 feet altitude on the rate of growth of young male rats. 





Fig. 3. The effect of repeated exposures to low pressure on adrenal gland weight of 
young male rats. 

A strildng change was noted in the size of the adrenal glands (fig. 3) of ah 
animals exposed repeatedlj’’ to a pressure equivalent to either 18,000 or 27,000 
feet altitude. The change, however, was more striking in the animals which 
had been exposed to the pi’essure equivalent to the higher altitude (27,000 ft.). 
The degree of pressui'e reduction appeared to be a more important factor than 
the number of exposures (fig. 3). 
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The principal change seen in the adrenals of the exposed rats was a thickening 
of the cortex which accounts for the greater part of the enlargement of the gland. 
Part of this enlargement was due to a marked dilatation of the capillary bed, 
particularly in the inner la 3 ’'er of the cortex and in the medulla. Theie nas an 
increase in the amount of fat in the cells of the zona fasciculata, most marked 
in the peripheral portion. However, the greatest and most consistent ana- 
tomical change was a thickening of the zona reticulata due to an apparent in-* 
crease in the number of cells. The cells of this zone are thought by Bennett (7) 
to represent the end-stage of secretory activity. 


TABLE 1 

Effect oj repeated exposures to a pressure of 258 mm. Hg (27,000 ft.) on the hlood glucose of 
2!t hour fasted rats (4-8 weeks’ exposure) 


GROUP 

NUMBER OP RATS 

BLOOD GLUCOSE 

OnTtf.Tfil .. , 

Tjf 00 

turn, per 100 cc. 

70 

59 

Exposp.d. . . , 


TABLE 2 


The relative effectiveness of specific therapy in preventing the death of adrenalectomized rats 
exposed repeatedly to low pressure (4 hrs. daily, 5 days a wk., 4 wks.) 


TSERApy 

NXmBER OP ANIMALS 

MORTALITY 

PER CENT MORTALITY 

A. Pressure level 379 mm. Hg (18,000 ft., altitude equivalent) 

j 



per cent 

Sodium chloride 

4 

4 

100 

Desoxycorticosterone acetate 

4 

0 

0 

Adrenal cortical extract I 

4 

0 

0 

Normal controls 

20 

0 

0 


B. Pressure level 2oS mm, Hg (27,000 ft., altitude equivalent) 


Sodium chloride 

4 

4 

Desoxycorticosterone acetate 

4 

2 

Adrenal cortical extract 

4 

0 

0 

Normal controls 

16 



The medulla was either normal or slightlj'- inci’eased in size in the adrenal 
glands of exposed animals. 

A study of the blood sugar levels in fasted, normal rats (table 1) indicated 
that following repeated exposures to low barometric pressure these values were 
somewhat lower than those observed in control, unexposed animals. Liver 
glycogen values in both groups of fasting animals (exposed and unexposed) were 
very low. These observations are of particular interest in contrast to the very 
liigh carbohydrate levels which were observed in normal rats exposed to anoxia 
for a single period of 24 hours (8, 9)/. 

Adrenalectomized rats. Adrenalectomized rats, maintained with sodium chlo- 
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ride, were unable to survive repeated exposures to a pressure equivalent to 18,000 
feet or 27,000 feet altitude (table 2). Animals treated with pellets of synthetic 
desoxycorticosterone acetate were able to survive repeated exposures to a pres- 
sure equivalent to 18,000 feet altitude but were unable to survive (50 per cent 
mortality in a group of 4 animals) repeated exposures to a pressure equivalent 
to 27,000 feet altitude. Daily injections of 1 cc. of adrenal cortical extract 
(Kendall) enabled adrenalectomized rats to survive repeated exposures to a pres- 
sure equivalent to either 18,000 feet or 27,000 feet altitude (table 2). 

Discussion. It is of considerable interest to note that although young male 
rats readily survived repeated exposures of 4 hours daily at a pressure equivalent 
to 27,000 feet altitude, a marked decrease in the rate of growth occurred during 
the days on which the exposures were made. In contrast, the rate of growth was 
accelerated during the two-day rest period (Saturday and Sunday) each week. 
It is probable that the delaj’- in groivth ma 3 ’' have been occasioned by a reduction 
in appetite and food intake. This question cannot be answered at present since 
the food intake of the exposed animals was not measured accurately. The de- 
creased rate of growth which was observed in the exposed animals should provide 
an excellent objective test method for studying the efficacy of various forms of 
therapy on improving adaptation to repeated exposures to low pressure. 

The increased size of the adrenals which occurred in rats exposed repeatedly 
to low pressure supports the observations of Armstrong and Heim (1) on rabbits. 
The extent to which pressure was reduced appeared to be a more important 
factor than the total number of exposures in increasing the size of the adrenals. 

The marked increase in red blood cells ivhich occurred during the relatively 
short periods of exposure to reduced pressure is of special interest. These 
changes suggest that it is not necessaiy to reside continuously at high altitude 
in order to obtain a marked increase in red blood cell count. 

Earher studies /Evans, 8; Leivis, Thorn et al., 9) indicated that exposure to 
anoxia for a period of 24 hours was attended by a striking rise in carbohydrate 
levels. Lewis, Thom et al. (^further demonstrated that this latter phase of 
carbohydrate plethora followed an initial phase (2-6 hrs.) during which there 
■was a marked depletion of carbohj'-drate reserves. It appears from the present 
studies that repeated exposures to reduced barometric pressure do not result 
in the accumulation of carbohydrate reserves which occurs following a single 
24-hour exposure to anoxia, but rather results in an appreciable reduction in 
carbohydrate stores. 

The effect of specific therapj’’ on the sundval of adrenalectomized rats ex- 
posed to decreased pressure indicated that sodium chloride treatment offered 
relatively little protection, synthetic desoxycorticosterone acetate offered paitial 
protection and adrenal cortical extract more complete protection. 

II. Studies on r.\bbits. A. Methods. Young male albino rabbits, weigh- 
ing approximate^’' 2 kgm. and approximatelj'’ 3 months of age, were used in these 
experiments. Duiing the period of exposure the diet consisted exclusively of 
rabbit chow (Maritime Milling Co.). Control animals received the same diet 
and general care as the exposed animals. 
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Rabbits were exposed in a small decompression chamber identical Avith that 
described in the experiments on rats (see Methods) . Exposures were made for 
four hours daily seven days a week to a normal atmosphere at a barometric pres- 
sure of 379 mm. Hg, in which the partial pressure of oxygen was 80 mm. Hg. 
According to the U. S. Standard atmosphere pressure this is equivalent to 18,000 
feet altitude. Another group of animals was exposed to a pressure level of 282 
mm. Hg, in which the partial pressure of oxygen was 59 mm. Hg, equivalent to 
25,000 feet altitude. 

Individual weight records Avere kept on all animals. FolloAving the com- 
pletion of a series of exposures, the animals Avere peimitted to rest over night 
under fasting conditions and on the following morning a specimen of heart’s 
blood Avas obtained under oil after which the animals Avere sacrificed. Studies 
Avere made of the blood sugar, non-protein nitrogen, serum sodium, chloride, 
carbon-dioxide combining power, potassium, and red blood cell volume. Com- 


TABLE 3 

Survival of normal rabbits exposed to low 
pressure: exposed for 4 hours daily, 7 days 
a week 


PRESSURE 

KUiTBER 

OP 

MailALS 

TOTAL 
NUITBER 
OF EX- 
POSURES 

NUMBEB 

OF 

ANIMALS 

sur- 

viving 

PER 

CENT 

SUR- 

VIVAL 

mm. Bs 

Control 

9 


9 

100 

379 

5 

35 

5 

100 

282 

15 

21 

5 

33 

282 

31 

6 

9 

29 


TABLE 4 

Effect of repeated exposures to low pressure 
on hematocrit and oxygen content of blood 
of normal rabbits: exposed for 4 hours 
daily, 7 days a week 


PRESSURE 

1 NUMBER 
i OF 
animals 

.. 1 

1 

1 

; TOTAL 
^ NUaiBER 
OF EX- 
POSURES 

1 OiPER 
100 CC. OF 
BLOOU 

1 

HEMA- 
TOCRIT, 
VOL, PER 
CENT 
j PACKED 
RBC. 

mm. Bg 

1 


cc» 


Control 

9 


18.3 

42.7 

379 

4 

35 

21.8 

49.8 

282 

4 

1 

21 

22.3 

58.0 


plete post-mortem examination was made and the weights of the thymus and 
adrenal glands were recorded. 

B. Observations. Normal, young male rabbits were able to AAuthstand re- 
peated exposures of four hours daily, seven days a AA'epk, for five AA’^eeks, to a 
pressure equivalent to 18,000 feet altitude. No deaths occurred in this group 
of animals during the five Aveeks of exposure. HoAvever, in contrast to normal 
rats, many of the normal rabbits succumbed when exposed to a pressure equRa- 
lent to 25,000 feet altitude. In a group of 15 animals, 3 succumbed on the first 
day of exposure, 4 died on the second day, and one each on the fourth, fifth and 
tAvelfth das^s. This experiment Avas terminated at the end of 21 exposures (3 
Avks.) at Avhich time only 5 animals had surviAmd (table 3). 

Post-mortem examination of the animals that succumbed at a pressure equiv- 
alent to 25,000 feet altitude showed hemorrhages into the lungs and not in- 
frequently herniation of dilated loops of intestine through the diaphragm into 
the thoracic cavit 3 ^ 
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To confirm the pathological changes that were observed in a group of 15 ani- 
mals exposed to a pressure equivalent to 25,000 feet altitude, an additional 
group of 31 animals was exposed in the same way for 4 hours daily for 2 to 9 daj’-s. 
During this period there were 22 deaths, i.e., 4 on the first, 7 on the second, 3 on 
the third, 3 on the fourth, 4 on the fifth and 1 on the sixth day, respectively. 

Post-mortem examinations revealed the following gross findings: 1. Pulmo- 
nary edema and hemorrhage in practically all cases. 2. In 9 cases evidence of 
diaphragmatic rupture and herniation of abdominal viscera into the thoracic 
cavity, with occasional rupture of the stomach. 

Further evidence has been obtained which indicates that expansion of in- 
testinal gases during altitude exposure is largely responsible for failure of rabbits 



Fig. 4. The eflect of repeated daily exposures to low pressure on the rate of growth of 
young male rabbits. 


as a species to tolerate reduced pressures which are well tolerated by other ro- 
dents. Thus 4 rabbits which were fed a milk diet for 3 days instead of their 
usual bulky diet and 2 rabbits which were fed the normal diet to which activated 
charcoal had been added were able to survive four hour exposures to a pressure 
equivalent to 25,000 feet altitude, whereas one of two rabbits which were placed 
in an atmosphere of oxygen for 22 minutes and then decompressed to a pressure 
equivalent to 36,000 feet altitude in an atmosphere of oxygen died and revealed 
at post mortem the characteristic changes previously described. 

Repeated exposures to low pressure had a pronounced effect on the weight 
gain of young male rabbits (fig. 4). Animals e.xposed to a pressure equivalent 
to 18,000 feet altitude failed to gain weight during the first 10 days of exposures 
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in contrast to control animals in which an average weight gain of approximately 
100 grams was observed. However, after this initial period, the animals exposed 
to a pressure equivalent to 18,000 feet altitude gained weight at approximately 
the same rate as the control animals. Rabbits exposed to a pressure equivalent 
to 25,000 feet altitude lost weight during the first half of the exposure, and sur- 
vivors thereafter showed an increase in weight. 

A consistent increase in oxygen capacity of the blood and in per cent red blood 
cell volume (hematocrit) was noted in rabbits exposed repeatedly to low pressure 
(table 4). The increase in hematocrit values and oxygen capacity of the blood 
was somewhat greater in the group of animals which had been exposed to the 
lower pressure, i.e., equivalent to 25,000 feet altitude. In these experiments 
a study of the seiaun electrolyte concentration indicated that in the group of 
animals exposed to a pressure equivalent to 25,000 feet altitude there was a 




Fig. 5 Fig. 6 

Fig. 5. The effect of repeated exposures to low pressure on blood sugar and liver gly- 
cogen levels in normal rabbits. 

Fig. 6. The effect of repeated daily exposures to low pressure on adrenal and thymus 
weights in normal rabbits. 


lowering of serum sodium (6 m.eq.), chloride (4 rn.eq.) and carbon dioxide-com- 
bining power (2.4 m.eq.) and a slight rise in serum potassium (0.7 m.eq.) and 
blood non-protein nitrogen (8 mgm.). A decrease in serum sodium (5 m.eq.) 
and a slight rise in blood non-protein nitrogerr were the only changes which were 
observed in the group of animals exposed repeatedly to a pressure equivalent 
to 18,000 feet altitude. 

The effect of repeated exposures to low pressure on blood glucose and liver < 
glycogen levels was also studied. The observations made in these experiments 
(8 animals in each group) suggest that repeated exposures to low pressure re- 
sulted in lowered carbohydrate levels (fig. 5). The depletion of carbohydrate 
reserves was much greater in the animals which had been exposed to the lower 
pressure (25,000 ft.). It is of interest to contrast the depletion of carbohydrate 
reserves which occurred in animals exposed repeatedly to anoxia with the great 
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increase in carbohydrate levels which was observed in rabbits following a single 
24-hour exposure to anoxia (Lewis, Thorn et ah, 9). J 

The most striking' changes which occurred in these experiments was the in- 
crease in adrenal gland weight and the decrease in thymus weight (fig. 6). The 
increase in adrenal gland weight is similar to that which has been described by 
Armstrong and'Heim (1, 2) and which we also observed in rats. The decrease 
in thymus weight has not been reported previously in animals exposed to lo'W' 
barometric pressure although a similar decrease in thymus weight has been ob- 
served in normal animals treated 'with excessive ’quantities of certain adrenal 
steroids (10). 

Discussion. A strict comparison between the results obtained in this series 
of experiments and those obtained bj”- Armstrong and Heim (1, 2) is not possible 
since these investigators exposed rabbits for 4 hours daily, 5 days each week 
and subjected the animals to an “altitude tolerance test” once during the two 
days in each week when regular exposures were not made. Although the 
“altitude tolerance test” was not fatal when employed by these investigators 
on control unexposed rabbits, all the fatahties in the exposed group of animals 
occurred during the weekly altitude tolerance test and not during the daily ex- 
posure period at a pressure equivalent to 11,000 or 18,000 feet altitude. In the 
group exposed at 18,000 feet altitude the mortality rate was approximately 75 
per cent in the experiments of Armstrong and Heim. 

Armstrong and Heim concluded that dailj'- exposures were followed by im- 
proved adaptation for a period of 3-4 weeks after which deterioration occurred. 
In a second series of experiments they followed changes in weight, mortality, 
blood cytology and blood non-protein nitrogen in a group of rabbits exposed 
daily at a pressure equivalent to 18,000 feet altitude, 5 days a week. These 
animals were also subjected to an altitude tolerance test. The 3 ’' observed a 
gradual decline in body weight and in hemoglobin in these animals associated 
with a decrease in blood non-protein nitrogen. These changes were accompanied 
by decreased altitude tolerance. However, their figures (2) as given do not sup- 
port the hj’-pothesis that the mortality rate increased after repeated exposures 
since the weekly death rate of the 32 animals was 0, 1, 3, 2 and 0 in the 1st, 2nd, 
3rd, 4th and 5th weeks respectively. 

Our results differed considerabty from those of Armstrong and Heim since at a 
pressure equivalent to 18,000 feet altitude the animals showed a gradual adapta- 
tion accompanied bj^ an improvement in general reaction, gain in weight and 
by a rise in hematocrit values although there was an appreciable reduction m 
concentration of base in the serum (approximately 6 m.eq.). 

Concerning the mortality rate of rabbits exposed repeatedlj’’ to low pressure 
we have had the same experience as Armstrong, but have not subjected the ani- 
mals to the rigorous altitude tolerance test, thus avoiding fatalities at altitudes 
of 18,000 feet and below. At a pressure equivalent to 25,000 feet altitude the 
mortality rate was verj’- high (approximatelj’- 75 per cent) in our series of exper- 
iments. 
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Post-mortem studj^ of the rabbits that succumbed revealed areas of atelec- 
tasis and hemorrhage described by Armstrong and Heim (2). In addition to 
this it was noted that in many instances rupture of the diaphragm, or stomach, 
or both had occurred. 

A careful study of the organs of the rabbits that had survived the 18,000 feet 
exposure revealed that the adrenals had enlarged, as Armstrong and Heim (2) 
have shown, and furthermore that the thymus had undergone atrophic change. 
The reciprocal relationship between adrenal cortex and thjmus is well known 
( 10 , 11 ). 

From these studies it is apparent that the rabbit is an unsuitable species for 
investigating the effects of anoxia produced by low barometric pressure because 
of mechanical disturbances which result from expansion of intestinal gases. 
However, rabbits, like rats, appear to adapt themselves readilj'- to repeated ex- 
posures to a moderate reduction in barometric pressure (18,000 ft. altitude). 
T his adaptation is accompanied by an increase in hemoglobin, an enlargement 
of the adrenal glands and a striking decrease in the weight of the thymus. 

HI. Studies on dogs. A. Methods. Adult, male dogs, weighing 10 to 15 
kgm., were used in these experiments. The animals were maintained on a diet 
which consisted of raw beef. They were fasted for 16 hours before each exposure 
and were fed approximately 2 hours after the end of the exposure period. The 
care of the animals and the technics used in these studies have been described 
(9). Careful weight records were kept. 

The animals were exposed in a large decompression chamber equipped with 
electric light and plate glass observation windows. The ventilation rate through 
the chamber was 50 to 60 cubic feet per minute. The temperature within the 
chamber remained relatively constant, i.e., 2B° ± 2°C. It was possible to ex- 
pose 4 dogs in individual cages simultaneous^. Exposures were made for four 
hours daily, five days a week at a barometric pressure level of 282 mm. Hg, in 
which the partial pressure of oxygen was 59 mm. Hg (equivalent to 25,000 ft. 
altitude). No exposures were made on Saturdays or Sundaj’-s. 

Two bilaterally adrenalectomized dogs, maintained by means of subcutane- 
ously implanted pellets of crystalline desoxycorticosterone acetate, were also 
subjected to repeated exposures to low barometric pressure. Prior to exposure, 
these animals were in good physical condition and chemical studies of the blood 
revealed no abnormalities. 

B. Observations. Normal dogs exposed to a barometric pressure of 282 mm. 
Hg (equivalent to 25,000 ft. altitude) for four hours daily, five days a week, 
soon lost appetite and their weight decreased. They were observed to vomit 
occasionally during exposure and frequently in the periods between exposures. 
The weight loss varied considerably in different animals (fig. 7) . As far as could 
be detected normal dogs showed no other obidous signs and symptoms from re- 
peated exposures at this pressure. It is interesting to note that the dogs did 
not regain their former weight for several months after the exposures had been 
discontmued. Adrenalectomized dogs, maintained on desoxycorticosterone 
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Fig. 7. The effect of repeated daity exposures to low pressure equivalent to 25,000 
feet altitude on weight of normal dogs. 




Fig. 8. The effect of repeated daily exposures to low pressure equivalent to 25,000 feet 
altitude on weight of adrenalectomized dogs maintained with synthetic desoxycortico- 
sterone acetate. 
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Fig. 9. The effect of repeated exposures to decreased pressure on hematocrit and 
oxygen capacity of blood-normal dogs. 
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Fig. 10. The effect of repeated exposures to decreased pressure on hematocrit and 
oxygen capacity of blood-normal dogs. 
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acetate, ■were not able to ■withstand exposure to reduced barometric pressure 
equivalent to 25,000 feet altitude (fig. 8); exposure of dog 220 "was discontinued 
because of the poor condition of this animal. 

Blood chemical studies revealed no significant changes in the normal dogs ex- 
posed repeatedly to low barometric pressure (table 5). This is in marked con- 
trast to the shift in serum chloride and carbon dioxide which was observed in 

TABLE 5 


Blood chemical findings in normal dogs exposed repeatedly to low barometric pressure: 4 hours 

daily, five days a week 


PRESSURE 

: NXIUBEROF 

1 ANIMALS 

TOTAL 
NUMBER OF 
EXPOSURES 

SERUM 

1 SODIUM 

SERUM 

CHLORIDE 

1 SERUM COs 
COMBINING 

1 POWER 

1 BLOOD NON- 
PROTEIN 

1 NITROGEN 

1 

SERUM 

PROTEIN 

mm. Bg 




m.eq./l. 

in.cg./l. 

mgm./lOO cc. 

gm./lOO cc. 

Control 

3 



108.8 

24.6 

35 

6.2 

282 

3 

22-66 


109.5 

24.8 

44 

6.3 


TABLE 6 


Changes in red blood cell count, hematocrit and oxygen capacity of the blood in normal dogs 
exposed repeatedly to low pressure: 4 hours daily, 5 days a week {25,000ft. altitude pressure 

equivalent) 


ANIMAL 

NUMBER OF EXPOSURES 

HEMATOCRIT, 
VOLUME PER CENT 
PACKED RED CELLS 

I 

RED BLOOD CELLS | 
PER CU. MM. 1 

OXYGEN CAPACITY, 
CM. HBG. PER 

100 CC. BLOOD 

5 

Control period 

54.0 


22.4 


33 days e.vposure 

63.2 

12.0 

27.9 


55 days exposure 

75.0 


29.3 

6. 

Control period 

55.5 

9.0 

24.9 


44 days exposure 

68.6 1 


29.0 

! 

70 days rested 

52.5 



i 

1 

Control period 

52.6 

9.5 

24.3 


40 days exposed 

68.2 i 

13.2 

29.2 


35 days rested 

60.2 



7 

Control period 

56.0 

9.2 

23.4 


22 days exposure 

61.5 * 


1 


50 days rested 

55.0 




IS days exposure 

66.0 


27.5 


noiTOal dogs exposed to the same decrease in oxygen tension for a single period 
01 24 hours. 


The most stoking change which was obsen-ed in these experiments was the 

m increased in dogs exposed 

lepeatedly to low barometae pressure (table 6). In 4 animals prior to exposure 

the averye packed red blood cell volume (hematocrit) was 54.6 per cent the 
red blood cell count was 9.2 million and the oxygen capacity was 2M cc 
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oxygen per 100 cc. blood. During exposure to low pressure for 18 to 55 daj^s 
(39 day average) the red blood cell volume (hematocrit) increased to 694 per 
cent, the red blood cell count increased to 12.6 millions and the oxj'-gen capacity 
rose to 28.4 cc. oxygen per lOO cc. blood. During rest periods of 35 to 70 days 
the average hematocrit Amlue fell to 55.9 per cent (fig. 10). 

SUMMARY 

1. Foitng maZe mis, exposed repeatedlj’' to a pressure equivalent to 18,000 feet 
altitude for four hours daib'-, five days a week over a period of 5 to 8 weeks, 
maintained a normal rate of growth and appeared to tolerate the exposures rather 
well. The majoritj'’ of a group of young male rats, exposed in a similar manner 
to a pressure equivalent to 27,000 feet altitude tolerated the exposures butfailed 
to gain weight at a normal rate during the days on which exposures were made. 
Adaptation to repeated short exposures to low pressure was associated with 

a, increase in hematocrit values (volume per cent of packed red blood cells); 

b, increased Aveight of adrenals. The fasting levels of blood sugar and liver 
glycogen of animals exposed repeatedly to Ioaa' barometric pressure were norrtial 
or loAver than normal. Adrenalectomized rats were unable to AAdthstand re- 
peated exposures to Ioav barometric pressure unless treated Avith adrenal cortical 
hormone. 

2. Young male rabbits tolerated repeated daily exposures (4 hrs., 7 days a Avk., 
for 5 Avks.) to reduced barometiic pressure equivalent to 18,000 feet altitude. 
Such animals did not tolerate repeated exposures to a pressure equivalent to 
25,000 feet altitude. Death of animals Avas associated AAoth hemorrhages into 
the lungs and herniation of distended loops of intestine into the thoracic cavity. 
Most of the fatalities occurred during the first or second day of the exposure. 
Repeated exposures to Ioav pressure equivalent to either 18,000 or 25,000 feet 
altitude Avere accompanied by a striking but temporary delay in rate of groAvth. 
A slight reduction in the concentration of sodium, chloride and in the carbon- 
dioxide combining poAver of the serum AA'^as noted in rabbits exposed repeatedly 
to a pressure equiAmlent to 25,000 feet altitude. The carbohydrate levels of 
rabbits exposed repeatedly to Ioav pi-essure Avere reduced considerably below 
those of unexposed controls. Repeated exposures to Ioav pressure Avere ac- 
companied by a, increase in oxygen capacity of the blood; b, increase in hema- 
tocrit Amlues (volume per cent of packed red blood cells) ; c, increase in adrenal 
Aveight; d, decrease in thjTOUs weight. 

3. Normal dogs exposed repeatedly to Ioav barometric pressure equrealent to 
25,000 feet altitude soon developed anorexia and Aveight loss. Normal AAnight 
AAns not restored for AAneks after exposures had been discontinued. Adrenalecto- 
mized dogs maintained on desox^reorticosterone acetate did not tolerate repeated 
exposures to Ioav barometric pressure equivalent to 25,000 feet altitude, 
significant changes in serum electrolyte concentration AAnre observed in dogs e.x- 
posed repeatedlj^ to Ioav pressure. The great increase in the number of red 
blood cells, hematocrit A’alue and cxj^gen capacity of the blood AA'as the most 
striking change which Avas observed in normal dogs exposed repeatedly to Ioav 
pressure. 
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The systemic arterial blood pressure changes (fall in inspiration, rise in ex- 
piration) have commonlj’- been thought to be due in part to fluctuations in the 
filling and consequently the output of the heart induced by respiratory fluctua- 
tions in intrathoracic pressure. The decreased intrathoracic pressure associated 
\Hth inspiration is generally considered to have an “aspiratory” effect upon 
the veins mthin the thorax, and hence to augment the inflow of blood to the 
right heart (Burton-Opitz, 1902; Hooker, 1921; Wiggers, 1921; Visscher, Rupp 
and Scott, 1924; Heinbecker, 1927). Closed chest measurements of cardiac 
output by means of a glass oncometer similar to that first described by Wiggens 
and Katz (1922) have given rather contradictory results. Eyster and Hicks 
(1933) found that inspiration was associated with greater diastolic size, but 
vith a decreased stroke volume, which seemed inconsistent with the Starling 
principle. Cahoon, Michael and Johnson (1941) found that there were botli 
decreased diastolic size and decreased stroke volume during inspiration. These 
findings were consistent vith the Starling principle, and seemed to account, in 
part, for the fall in arterial pressure during inspiration. 

BcjM and Patras (1941), recognizing the fact that previous measurements of 
cardiac output had been made -with the ventricles operating against an unchang- 
ing atmospheric pressure, designed a recording sj^stem wherein the ventricles 
operated against fluctuating negative pressures approximating those of the 
closed chest of a dog breathing normallJ^ Their experiments showed that when 
the heart operated against approximatelj'^ intrathoracic pressures instead ol 
atmospheric pressures there was a definite increase of both diastolic volume and 
stroke volume during inspiration. These results were consistent with both the 
Starling principle and, the concept of aspiration of blood into the thorax and 
heart in inspiration, but left unanswered this question : if the heart pumps more 
blood during inspiration, wRy should the arterial blood pressure fall during that 
phase of respiration? 

Experuments employing the difperenti-al xianometer. In an attempt 
to check the findings of Boyd and Patras, a recording system was designed which 
allowed free interchange of pressure variations betw-een the interior of the chest 
and the ventricles in the oncometer, and winch in addition eliminated the pos- 
sibility of any respiratory displacement of the recording membrane. The 
method of recording w^as adapted to the stationaiy optical manometer devised 
by Hamilton, Brew^er and Brotman (1934). The manometer was of the differential 

> Now at University of Georgia Medical School, Augusta. 
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typ6, equippBci ■n'ith a verj' sensitive mbber membraiie (see fig. 1, rigbt). One 
chamber of the manometer was connected to the oncometer, the other to the 
intrapleural space. A communication was established between the two tubes 
leading to the chest and the oncometer respectively. This communicating tube 
could be constricted or enlarged at nail, thus affording a means of regulating the 
excursion of the recording membrane. (The oncometer system was also con- 
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Fig. 1. Diagrammatic representation of cardiometer recording system. At left is system 
used by Gaboon, Afichael and Johnson; at right is system described in tliis paper. 

Fig. 2. Simultaneous curves of intrathoracic pressure, ventricular volume, and carotid 
pressure. At left \suth the ventricles under atmospheric pressure, at right with ventricles 
under intrathoracic pressure. 

Fig. 3. Graph of intrathoracic pressure, right and left ventricular “volumes,” and ca- 
rotid pressure. Ordinates for ventricular volumes are measured areas in square inches, ab- 
scissas are ^ second intervals (movies at 32/sec.). 

Fig. 4. Block diagram of same record as figure 3, showing right, left, and total ventricular 
stroke volumes in ten successive heart beats occurring during nearly two respiratory cycles. 
Mean carotid blood pressure is superimposed. 


nected to the usual large closed air space which allowed a minimum of interference 
with cardiac filling and ejection.) It can be seen that this system allowed free 
interchange of pressure variations between the chest and the oncometer, and 
that at the same time the influence of intrathoracic pressure was equal on both 
sides of the recording membrane. By sufficiently constricting the intercom- 
municating tube, a condition could be obtained in which the relatively slow 
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chest pressure changes were distributed throughout the whole system, while the 
rapid movements of the heart could still cause excursions of the manometer 
membrane. Controls run during each expeiiment showed that there was no 
displacement of the membrane due to respiratory pressure changes. Recording 
could be done under the conditions used by Gaboon, Michael and Johnson (1941) 
(fig. 1, left) by closing the intercommunicating and intrapleural tubes. Direct 
comparisons of the two methods could be made from these records. 

Medium-sized dogs anesthetized udth sodium barbital were used. - Artificial 
respiration was supplied by means of intemipted blasts, the 4th and 5th ribs 
on the right were resected, the pericardium removed, and an oncometer was 
placed over the two ventricles. Care was taken to assure that there was neither 
leakage nor constriction at the A-V groove. Before closing the chest, two 
metal trocars were inserted between the 2nd and 3rd ribs, one on either side of 
the midline. One of these trocars was attached directly to an optical manometer 
for recording intrathoracic pressure changes, and provided uith a side tube 
through which air could be exhausted from the chest. The other trocar and the 
oncometer were attached to the differential manometer as described in the pre- 
ceding paragraph. The chest was closed irith large hemostats, the air was 
aspirated from the chest, and normal respiration allowed to proceed. Carotid 
pressures were recorded simultaneously. 

Figure 2 shows records taken under the two different recording conditions, 
vithin approximately tliirty seconds of each other. These results (right half of 
figure) confiim those of Boyd and Patras (1941) even to the point that the largest 
sj’stolic excursion occurred when expiration and S 3 "stole began simultaneously. 
No accurate calibration of the volume changes of the heart was obtainable with 
this recording system although a veiy crude calibration could be made at the 
close of the experiment by rapidly injecting into or removing from the oncometer 
tubing, Itnovm volumes of air. 

Figure 2 demonstrates that carotid blood pressure dropped during inspiration 
whether the ventricles were exposed to atmospheric or intrathoracic pressure. 
In these and all previous records made with the ventricles under atmospheric 
pressure (fig. 2, left) the rise and fall in carotid pressure corresponded to the 
rise and fall of ventricular diastolic volume and stroke. But if the results 
obtained with the ventricles under intrathoracic pressure (fig. 2, right) are valid, 
it becomes necessary to explain why in inspiration the carotid pressui’e falls when 
the ventricles are ejecting more blood. It was thought that perhaps at the time 
of inspiration there might be an increase in the diastolic and stroke volumes of the 
right ventricle which would be so large as to mask a possible decrease in the left 
heart volume and stroke. Since no satisfactoiy method has been evolved to 
measure directlj’- the volume changes of the ventricles independent!}^ of each 
other, the folloiring experiment was devised: 

Differential ventricidar volumes. Large dogs, (18-25 kgm.) were used, anesthe- 
tized irith sodium barbital. A ventral “-plvAd” of ribs and muscle was removed 
from directly over the heart. A crucial incision was made in the pericardium 
and the edges were sutured back to the chest wall to foim a cradle for the heart. 
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Small discs of white cardboard with black centers were affixed to the ventricles 
with collodion to outline each ventricle as completely as possible. After insert- 
ing a trocar through the chest wall for recording of respiration, a curved udndow 
of transparent plastic was placed over the chest opening, and the skin pulled up 
around it to form an air tight seal. The chest was evacuated and normal res- 
piration allowed to proceed. Indicators, for recording carotid and intrathoracic 
pressures, were arranged to move above suitable scales uithin the optical field 
of a camera aimed at the heart. High speed motion pictures were taken under 
different experimental conditions. 

Individual photographic enlargements were then made of a number of suc- 
cessive frames from each experiment. Each group of approximately 140 frames 
included at least two respiratory cycles. Lines were draum between the markers 
on each print to outline each ventricle separately, using the intraventricular 
septum as common to both ventricles. The enclosed areas in each frame were 
measured uith a planimeter and simultaneous blood and intrathoracic pressures 
observed. Only groups of frames were used where careful counts showed the 
heart rate to be constant. Figure 5 shows four frames representative of the 
comparative ventricular areas at the peak of S 3 ’'stole and diastole during the 
height of inspiration and expiration respectively-. 

It must be remembered that it is not assumed that the measured areas are 
accurate reflections of the volumes of the ventricles, but to avoid coining new 
and useless names the terms “volume”, “stroke” and “output” uill be applied 
without modification. All numerical results are in arbitraiy units, but they 
are strictlj^ comparable in each experiment, since projection distances ivere 
kept constant throughout. The measured areas of the right and left ventricle 
w'ere never more than approximatelj'- equal, but it was assumed that the output 
of the left ventricle rvould be equal to that of the right over a period of several 
respirations, and numerical results w'ere in some cases corrected and graphing 
w'as done accordingljL However, the graphs show’ed the same qualitative re- 
sults whether crude or corrected data w^ere used. 

Figure 3 gives the results of one experiment in which are plotted the measure- 
ments, from the successive movie frames, of left and right ventricular “volumes,” 
intrathoracic pressure, and mean arterial blood pressure. It can be seen from 
this and the numeiical data given in figure 5 that during inspiration the diastolic 
and stroke volumes in the right ventricle increase, while the corresponding 
measurements of the left ventricle decrease. The reverse is true during ex- 
piration. This corresponds with the findings of Cahoon, hlichael and Johnson 
(1941) on the auricles; in inspiration the diastolic volume of the right auricle 
increases, while that of the left auricle decreases. Figure 4 show^s that when 
measuiements are made with the ventricles under intrathoracic pressure, the 
total stroke output increases during inspiration. This is due to the great in- 
crease in the stroke of the right ventricle, which is sufficiently great to mask the 
simultaneous diminution in left ventricular stroke volume. The mean arterial 

= These prints ivorc m.ncle directly from positive film, so the blacks and whites are natu- 
rally reversed. 
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blood pressures, when graphed on an appropriate scale, coincide at the majority 
of points with the changes in left ventricular stroke volumes (as would be 
expected) and are independent of the activity of the right ventricle. The effects 
of respiratory changes on ventricular volume and stroke were augmented hy deep 
respiration and tracheal occlusion, diminished during quiet, shallow breathing, 
and eliminated during apnea induced by central superior laryngeal stimulation. 

Differential blood pressures. To determine whether intrathoracic pres.sure 
changes are directlj'^ transmitted to the sj'stemic arteries, contributing to the 



Fig. 5. Photographs of four selected movie frames, showing method of measuring areas 
of ventricles. 


respiratory changes in arterial pressure, the following experiments were devised : 
Four dogs were trained daily to lie quiescent while femoral blood pressures were 
taken by direct arterial puncture. Simultaneous pneumograph and blood pres- 
sure recordings were taken on the Hamilton manometer. The animals showed 
definite sinus arrhythmia and a distinct drop in blood pres.surc which coincided 
with inspiration. The arrhythmias and respiratory variations were present 
even after the dogs had become accustomed to the procedure, at which time 
breathing was normal. Other records from animals which had been trained for 
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more t.bg.n a year showed definite rhythmical variations in blood pressure, with 
or without sinus arrhythmias. 

At the end of a two weeks’ training period, the dogs were anesthetized with 
ether, and a cannula, stoppered airtight, was placed through the chest wall to 
communicate with the intrathoracic space. After a two day recovery period 
femoral pressure tracings were made with a differential manometer and the 
intrapleural cannula was connected to the tube leading to the outer- chamber of 
the differential manometer. Recording of intrathoracic pressure w^as done by 
means of a second tube attached to the intrapleural cannula. Controls taken 
before puncturing the artery showed a definite respiratory excursion of the 
differential membrane which corresponded to the simultaneous intrathoracic 
pressure tracing. Femoral pulse tracings were obtained while alternately clamp- 
ing and opening the tube leading from the chest cannula to the manometer, 
so that ordinary and differential arterial pressures were obtained alternately. 

If respiratory variations in peripheral pressures during normal breathing are 
caused to any appreciable extent by direct transmission of intrathoracic pressure 
changes, these respiratoiy variations should be diminished or eradicated by dif- 
ferential recording of intrathoracic pressure against blood pressure. Our data 
show that there is a slight elevation of the level of femoral pressures, and a re- 
duction in the difference between the extremes of blood pressure at the. peak of 
inspiration and expiration. There remain, however, variations in pressure with 
respiration which may be due in part to sinus arrhythmias and in part to changes 
in stroke volume, as described above. That changes in stroke volume are im- 
portant are shown by the decrease in pulse pressure from expiration through 
inspiration. 

Discussion. Although the use of measurements of ventricular surface area 
changes is but a crude approjdmation of the volume changes within the ventricle 
itself, there seems to be little doubt that such measurements reflect the true 
changes in ventricular volume. The “volume” changes plotted in figure 3 seem 
to be true approximations to volume changes, because: 1, the contour of the 
plotted curves resemble oncometer volume curves, including an occasional 
typical diastasis, and even in some cases (not shown in fig. 3) there is a suggestion 
of the auricular “hump” wffich characterizes heart volume changes made with 
the oncometer; 2, there is a rather close correlation between the left ventricular 
“stroke volumes” and corresponding carotid pressures; 3, in accordance with the 
Starling principle, ventricular stroke volume bears a positive relationship to the 
diastolic size. 

Strughold (1930) calibrated similar area measurements of the ventricles ^3^ 
injecting known volumes of fluid. He reported a geometrical relationship be- 
tween volume and area within phs3iological limits. Burchell and Visscher (1941) 
criticise area measurements as a method of measuring heart volumes because 
of the angular displacement caused by rotation of the heart with each cardiac 
cycle. There is also the possibility that errors may be introduced by the rise 
and fall of the apex of the heart with inspiration and expiration, respectively. 
Since in our experiments the heart was cradled in the pericardium, rotation 
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was minimized, and mathematical constructions plus photographs of the heart 
■\wth different degrees of inflation of the lungs show that the errors thus intro- 
duced are not only very small, but would tend to diminish, rather than increase, 
the effects of respiration upon stroke volume. 

Apparently, then, there is an aspiration of blood into the right auricle and 
ventricle in inspiration. Through the operation of the Starling effect, the right 
ventricle increases its output. Despite this, the left ventricle Alls less during 
this phase of respiration, presumably because of an increase in the capacity of 
the pulmonary bed, and the quantity of blood retained in the pulmonary vessels 
(see Burton-Opitz, 1921 ; Heinbecker, 1927 ; Trimby and Nicholson, 1940; Gaboon, 
Michael and Johnson, 1941). This capacity increase is apparently sufficient 
to accommodate the greater amount of blood pumped by the right ventricle and, 
unless the inspiratory period is prolonged, to withhold it from the left heart until 
the onset of expiration. In some of these experiments, during the latter part of 
a long inspiratory pause, the left ventricular diastolic and stroke volumes 
tended to increase. It also seems probable that the elastic recoil of the pulmonary 
vessels during expiration tends to “force” blood out of the pulmonary vessels 
into the left heart, in addition to restricting the filling of the right heart. Thus, 
blood is sent to the lungs and retained there in larger amounts during the naost 
advantageous time for aeration. 

There is no doubt that, when it exists, a respiratory sinus arrhjdhmia also 
contributes somewhat to the blood pressure changes produced by the respiratory 
movements. In the absence of such an arrhythmia the carotid blood pressure 
fluctuations are due mainly to changes in the stroke volumes of the left ventricle. 

SUMMARY 

1. In dogs anesthetized by sodium barbital, direct cardiac volrnne changes 
were measured by means of an oncometer during normal breathing, "with the 
ventricles exposed to intrathoracic pressure changes. During inspiration there 
was an increase in total diastolic size and stroke volume of the two ventricles. 
This confirms the findings of Boyd and Patras (1941). 

2. Systemic arterial pressure decreased during inspiration in spite of increased 
total cardiac output during the same phase of respiration. 

3. Under sodium barbital anesthesia, a portion of the ventral chest wall was 
removed, the heart exposed, and paper markers affixed to the heart so as to out- 
line each ventricle. A -window was sealed into the ventral chest opening, normal 
respiration was reinstated, and motion pictures were taken of the heart. Suc- 
cessive single frames were projected, the area of each ventricle measured in each 
frame, and these areas plotted together with simultaneous intrathoracic and 
carotid pressures. The right ventricle showed increased diastolic size and stroke 
volume during inspiration, while the same measurements on the left ventricle 
decreased; the reverse was tiue during expiration. 

4. The increased diastolic size and stroke of the right ventricle during inspira- 
tion suggest that more blood is pumped into the lungs during that phase, while 
the decreased diastolic size and stroke of the left ventricle indicate that the blood 
is •v\'ithheld from the left heart until the onset of expiration. 
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5. Systemic arterial blood pressure measurements on trained, unanesthetized 
dogs showed but slight reduction of respiratory influences on blood pressure 
when intrathoracic pressure influences were eliminated by the use of a differential 
manometer. These reductions are equivalent to simultaneous intrathoracic 
pressures, but are not sufficient to eliminate respiratory fluctuations in blood 
pressure. 

6. The main factor responsible for the arterial blood pressure fluctuations of 
respiration is the changing output of the left ventricle. A sinus arrhythmia and 
direct influences of intrathoracic pressures may modify somewhat these blood 
pressure changes. 

7. Each ventricle responds independently in accordance vdth the Starling 
principle, regardless of the diastolic size of the other ventricle. 
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A few instances are reported where humans with only one ventricle have lived 
to adult life (1). Most amphibia and I’eptiles have only one ventricle and yet 
these animals live in many environments over a large share of the globe and 
manage to reach maturity. Is the presence of only one ventricle in these ani- 
mals an imperfect arrangement as it is often called (2, 3,' 4) or does it provide 
certain advantages? 

Previous studies have shown that turtles possess a very effective mechanism 
for increasing the systemic blood flow (5). In the present paper these studies 
are extended to include the pressure relationships, which are present in the 
pulmonary artery. 

Inspection of the large vessels, which arise from the one ventricle of the 
turtle, shows dark red (venous) blood in the pulmonaiy artery, bright red arte- 
rial blood in the aorta supplying the head region and mixed blood in the aorta 
to the body. Greil (see 6) proved that verA’- little mixing of the arterial and 
venous blood occurred in the ventricle. He injected a solution of sodium fer- 
rocyanide into the pulmonary vein and after a systole observed the Berlin Blue 
reaction only in the blood from the aortas. He then injected the solution into 
the inferior vena cava and after a systole observed the Berlin Blue reaction only 
in the blood from the pulmonary artery. 

The present conceptions of the mechanisms which influence the flow of blood 
through the turtle heart are based mainly upon the studies of Briicke and of 
Sabatier (6, 7, 8) and generally incorporate the following. Venous blood from 
the right auricle passes to the right side of the ventricle and arterial blood from 
the left auricle passes to the left side of the ventricle. The incomplete septum 
(interventricular ridge) and the spongy nature of the ventricular wall restrict 
mixing of the arterial and venous blood within the ventricle. During the con- 
traction of the ventricle, the dorsal and ventral edges of the incomplete septum 
approach each other and according to'some authors (2, 3, 8) separate the ven- 
tricle into two complete cavities. As a result the aorta to the head, which arises 
from the left side of the ventricle, receives mostly arterial blood. However, this 
does not e.xplain why the pulmonaiy artery and the aorta to the body, which 
arise from the right part of the ventricle, receive venous and mixed blood re- 
spectively. 

'Now with Louisiana State University School of Medicine, New Orleans. 
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According to Briicke (6, 7) the orifice of the pulmonary artery is closed towards 
the end of systole either by contraction of a ring shaped muscle bundle or by 
obstruction from the cartilaginous ridge which partly conceals this orifice. Does 
this closure of the pulmonary orifice during the last part of systole contribute 
to the flow of arterial and venous blood into the proper vessels? 

Pressure studies from the pulmonaiy artery and the aortas of turtles should 
supply crucial information concerning these mechanisms. 

Experimental methods. In six turtles the exposure of the blood vessels was 
made vdth the animal at room temperature (20-30°C). This usually caused a 
rather large blood loss. Six other turtles were kept in the refrigerator for several 
days. Each of these was moved into the freezing compartment about thirty 
minutes before the experiment. Exposure of the blood vessels was made ndth 
these animals in a pan filled Avith ice cubes. The resulting blood loss Avas usually 
less than 1 cc. 

Optical records of the blood pressure AA-^ere obtained simultaneously from the 
pulmonary artery and from one or both of the aortas by means of the h 3 'po- 
dermic manometer (9, 10). One-half inch 26 G. needles AAure inserted into the 
vessels at equal distances from the heart. OtherAvise the technique aars essen- 
tially as preAuously described (11, 5). 

The pulmonary artery. Serial cross sections (10 g) of the pulmonaiy arteiy 
from its origin to a point beyond its bifurcation AA^ere prepared and alternatelj’" 
stained AA’ith 1, Delafield’s hematoxjdin and eosin; 2, Heidenhain iron hema- 
toxjdin, and 3, picrofuchsin. The ARhmlar attachment aars found to extend 
peripherally from the base of the heart for a distance of 2.2 mm. The carti- 
laginous ridge described by Briicke (6) located AAuthin the common aarII of the 
pulmonary arteiy and the bodj'- aorta, extends peripherallj’- from the base of the 
heart for a distance of 2.6 mm. The pulmonarj' arterial aarII in contact AAnth the 
cartilage is composed entirelj’- of fibrous connective tissue and endothelium. In 
the remaining circumference cardiac muscle tissue is present. It extends into 
the pulmonary artery 2 mm. beyond the base of the heart. This cardiac muscle 
is mostly circular in arrangement but becomes oblique near the dorsal border of 
the. cartilaginous ridge. Contraction of this cardiac muscle ring aars obsenmd 
sometimes during the last half or tAA'o-thirds of systole. This narroAVS the first 
part of the pulmonary artery and together AAnth the cartilaginous ridge, con- 
tributes to the obstruction of the pulmonary orifice (6). At the level of the 
peripheral end of the cartilaginous ridge smooth muscle is present and progres- 
sively increases in amount so that from the point of bifurcation to the site of the 
arterial ligament smooth muscle forms a prominent portion of the arterial aarII. 

Beginning at the site of the arterial ligament (ductus Botalli or ductus arte- 
riosus) each pulmonary artery is continued as a much smaller artery to the lung. 
This AAas fiist described by Brenner (see 12) but onlj' one current reference (13) 
mentions it. 

Longitudinal sections of the area AA-ere prepared. Central to the site of nar- 
rowing many circular and longitudinal muscle fibers are present. Data pre- 
sented below (see effects of epinephrine) show that these muscles are capable of 
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activity and can influence the size and the elastic properties of the pulmonary 
arterial reservoir. Peripheral to the site of narrovdng the vessel wall is thin 
vdth a corresponding decrease in the amount of fibrous, elastic and muscle tissue. 

Pressure relationships among pulmonary and systemic vessels. Pressure pulses 
from the right and left aortas are sjmchronous and show that the pressures in 
these two vessels are equal (fig. 1). This suggests that contrary to accepted 
conceptions (2, 3, 8) the interventricular ridge does not form a complete ban’ier 
during systole between the left and right sides of the ventricle. 



Fig. 1. Simultaneous electrocardiograms (lead 2) and pressure pulses from the pul- 
monary artery, right aorta and left aorta (from above downwards). The letters designate 
the electrical stimuli which were applied progressively earlier in the cardiac cycle. Stimuli 
A, B, C and D cause ventricular complexes; E and P cause auriculo-ventricular contrac- 
tions. In these and all subsequent records the blood pressure scales are shown in units of 
10 mm. Hg and the base line is interrupted at intervals of 1 second. 

The pulmonary pressure pulses, however, differ in four main waj^s from those 
of the aortas (fig. 1, 2). First, the pulmonaiy contours show a rapid descent of 
pressure during diastole. This means that, like mammals, the pulmonaiy pe- 
ripheral resistance is small in relation to the systolic change in the volume of the 
pulmonary arterial reservoir (“Windkessel”). Second, as in mammals, the di- 
astolic pressure in the pulmonaiy arter 3 '’ is much less than that in the S 3 '^stemic 
arteries. Third, the abrupt s 3 'stolic increase in the pulmonaiy pressure alwa 3 ’s 
precedes the S 3 "stolic rise in the aortic pressure b 3 " the length of time required to 
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raise the pulmonaiy pressure to the level of the aortic diastolic pressure. Since 
venous hlood. occupies the right part of the ventricle (6), this initial blood flow 
into the pulmonary artery is the venous blood. Fourth, during the last half or 
tiYO-thirds of systole, the pulmonary pressure is 2 mm. Hg or more below that in 
the aortas (fig. 1, 2). This difference of pressure can be explained only by some 
interference vdth blood flow into the pulmonary artery. The obstruction pro- 
duced by the cartilage (6) accounts for small differences in pressure. Contrac- 
tion of the cardiac muscle ring was observed only when the records showed that 
large differences in pressure were present. 

Effects of artificial excitation. As electrical stimuli are applied progressively 
earlier in diastole the pressure pulses of the premature contractions progres- 
sively decrease in size (fig. 1-A, B, C, D). Stimuli very early in diastole 
(during the T wave) cause ventricular contractions which pump little if any 
blood into any of the vessels (fig. 1-C, D). '\^TIen the stimuli were applied dur- 
ing the first part of the T wave, delayed contractions (14) were often present 
(fig. 1-E). Such contractions produced definite aortic and pulmonary pressure 
pulses, but electrocardiograms showed them to be auricular ventricular con- 
tractions. The contracting auricles pump blood into the relaxing ventricle. 
Applying the stimulus still earlier (fig. 1-F), the premature auricular ventricular 
contraction pumps only sufficient blood from the auricles through the ventricle 
to cause a pulmonary pulse but no aortic pulse. 

The data fail to support the statements that the ventricle of the turtle retains 
a significant volume of blood at the end of systole and that the presence of such 
residual blood provides the mechanism by which minute output can be in- 
creased (14). The ventricle of the turtle retains only an insignificant amount 
of blood at the end of s 3 ''stole. 

Artificial acceleration of the heart bj’’ means of repeated electrical stimuli low- 
ered the mean systemic arterial pressure (14, 5). Pulmonary pressure pulses, 
however, showed that the mean pulmonaiy pressure was increased. This is ex- 
plained by a shunting of some of the cardiac output into the pulmonary circu- 
lation. As shown in figure 1 A, premature contractions pump less than the usual 
amount into the aortas, but maj-- pump almost the usual quantity into the pul- 
monaiy arteiy. Repeated electrical stimuli, bj’- accelerating the heart and by 
shifting the distribution of the blood, increased the mean pulmonaiy and low- 
ered the mean S 3 '-stemic pressures. Such artificial acceleration, however, pro- 
duces effects which differ from those where the increase in heart rate is goi^erned 
b 3 ' body temperature and is coordinated uath increased venous return and meta- 
bolic needs (5). 

Influence of the body te7n'perature. Cooling the turtle slows the heart, decreases 
aortic pressure, and reduces systemic blood flow (5). It also lou^ere the pul- 
monary systolic and diastolic pressures (fig. 2). In three turtles the pulmonary 
piessuie averaged 40/15 mm. Hg when the bod 3 '^ temperature was approximately 
35°C; 27/9 mm. Hg at 20°C-, and 20/4 mm. Hg at 5°C. 

Cooling the animal increased slightly the slope of the pulmonary diastolic 
pressure die-away curve at any given pressure. This might be secondary to the 



632 


R. A. AVOODBURT AND G. GORDON ROBERTSON 


smaller pulmonary A^enous pressure (see beloA\0, aa'IiIcIi, of course aa^ouM facilitate 
blood floAA' from the pulmonary artery. The absence of anA*- decrease in the slope 
indicates that A''asoconstriction of the peripheral pulmonaiy A'^essels AA^as in- 
effectwe if present. Since cooling the turtle does cause effectwe A^asoconstric- 
tion of the SA’-stemic vessels (5), the decreased cardiac output associated Avith 
the sloAV heart rate tends to reduce SA’^stemic fioAV more than pulmonaiy floAV. 

The turtle, hoAveA^er, can aAmrt anA'^ exti-eme shifting of blood floAv. As the 
heart sIoavs and the pressures decrease, the pulmonaiy curve no longer is steep 
during the last part of diastole, though the aortic contours continue to sIioav a 
gradual descent of pressure throughout diastole (fig. 2). Such records shoAV that 
at these Ioaa' bodA’' temperatures blood floAv from the pulmonaiy arteiy occurs 
principallA'' during SA’'stole and earlA"^ in diastole and is quite small during the last 
part of diastole. On the other hand, SA'^stemic floAV though decreased bA'’ A’^aso- 
constriction continues throughout diastole. 


^ ^ ^ 
\ \ \ V \ ' 





Fig. 2. Pressure pulses from the aorta and the pulmonary artery. The record at the left 
is from a turtle, AA'hile the bodj'' temperature A\'as approximately 35°C; that at the right is 
from another turtle AA'hile the bod}’’ temperature Avas approximateb’’ 2°C. 


As the bodA’’ temperature approaches 0°C and the heart rate becomes ex- 
tremety sIoav (2 to 4 lieats per minute), SA'^stole, though long, occupies as little 
as 10 per cent of the cardiac CA’cle. PulmonarA’’ oiitfloAA’ practicallA’’ ceases during 
the greater part of the unusuallA^ long diastoles, but SA'’stemic outfloAA’ continues 
throughout these long diastoles. These data indicate the presence of an eco- 
nomical means of maintaining adequate distribution of blood betAveen the pul- 
monai'A’’ and SA’Stemic circulations at these Ioav temperatures. 

During these long diastoles the color of the blood in the A’’entricle changes 
from that of arterial to that of A’^enous blood. EA’identlA’’ the main blood floAV 
into the A^entricle earh’ in diastole is oxA’'genated blood from the pulmonaiy A’ein. 
This AA’Ould explain the color of the A'entricle earh’^ in diastole and inaA’’ cause an 
unusuallA’ Ioav pulmonaiy A’enous pressure. The blood floAV into the A^entricle 
from the SA’stemic A’eins is probablA’’ sloAA'-er and probabh’’ continues throughout 
diastole. 

This extreme sloAving of the heart is of Amgal origin for it can be eliminated 
either bA’ administering atropine sulfate (2 mgm.) or bA’ pithing the animal. 

Effects of hemorrhage aiid infusion of fluid. The blood pressure changes, AA'hich 
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were caused by moderately severe hemorrhage, are shown by the reconstructed 
pressure pulses, which are presented in figure 3. After hemorrhage the aortic 
and the pulmonary blood pressures are iiniisuaUy low considering the body tem- 
perature of the animal. The aortic pressure remains elevated throughout sys- 
tole, but the pulmonary pressure curve differs from the normal in that the pres- 
sure declines rapidlj'- during the last half of sj'^stole. 

The intravascular injection of 8 to 10 cc. of Ringer’s solution raised the pres- 
sures and caused the pulse contour to return to normal (see first and second 
records of fig. 4). Severe hemorrhage was then produced and the pressures and 
pulse contours again showed the effects of hemorrhage (see second and third 
records of fig. 4). 

Direct observation showed that after these hemorrhages the muscular tissue 
at the orifice of the pulmonary artery was contracting during the last part of 
sj’'stole. It did not occur after infusion of fluid. This shows that the pulmo- 



The aortic contours were lifted 2 mm. Hg to avoid superimposition. Records are from a 
cooled turtle where the blood loss during the exposure was less than 1 cc. After taking the 
records at the left, moderate hemorrhage was allowed to occur and the records at the right 
were then obtained. An electrocardiogram recorded simultaneouslj’’ is included with 
the right records so that the duration of systole is clear. 

navy muscular ring at the orifice becomes active and plays an important role when 
the blood volume is abnormally low (hemorrhage and anhj’-dremia). con- 
tracting during the latter part of systole, it shuts off the flow of blood to the 
pulmonary arteiy and allows the ventricle to pump blood into the two aortas. 

This is a rather ingenious and effective reserve mechanism for maintaining 
aortic pressure leA>^els. 

After severe hemorrhage in a turtle Avhose pulmonary arteries were severed 
near the arterial ligament, a definite sustained contraction ring appeared im- 
mediately central to the site where the pulmonaiy arteiy divides into the right 
and left branches. IN'Iicroscopic examination showed the presence of a large 
amount of muscle tissue as described above and in some turtles a cartilaginous 
stiuctuie somenhat similar to that at the orifice of the pulmonary arterj'". 

In a turtle, where hemorrhage was insignificant. Ringer’s solution was in- 
jected rapidly into the left aorta throughout one diastole. The pressure in this 
vessel did not decrease during this diastole, but increased 5 mm. Hg. The pres- 
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sure in the other aorta did not decrease during this diastole, but increased 2 mm. 
Hg. The pulmonaiy pressure, of course, was not influenced. These data prove 
that anastomoses are present between the two aortas. 

These anastomoses (through the dorsal aorta (3)) may be unimportant in the 
normal physiologj'- of the turtle, but their presence disproves statements such 
as “the 'imperfect' ventricle cannot be remedied merely by completing the 
interventricular septum” (2) . The aorta from the right ventricle receives mixed 
arterial and venous blood. Merely completing the septum would allow only 
venous blood a direct entrance to this aorta. The right ventricular output 
would be decreased and its systolic pressure would be lowered. The left ven- 
tricular output would be inci’eased, since all of the arterial blood would pass 
directly into its aorta. The sj’’stoiic pressure on the left side of the heart and in 






Fig. 4. Electrocardiogram and pressure pulses from the left aorta and pulmonarj^ artery. 
Left pressure scale = aorta; right pressure scale = pulmonary artery. Records are from a 
cooled turtle where moderate hemorrhage occurred during exposure of the vessels. Ap- 
proximately 10 cc. of Ringer’s was injected into the left aorta during the first break in the 
record. At the second break in the record severe hemorrhage was allowed to occur. 

its aorta would be increased. The resulting differential pz'essure between the 
two aortas would supplj’ ample arterial blood tbrougb the anastomoses. Active 
blood flow through these anastomoses would soon bring alzout their enlargement. 
The end result might be similar to that found in the crocodile and alligator, 
both of which have completed their interventricular septum. However, the 
mere completion of the septum would deprive the turtle of the advantages of a 
heart with only one ventricle. This might restrict his natural habitat to that 
of the crocodile and alligators, i.e. to areas between the frost lines of the northern 
and southern hemispheres. 

Effect of epinephrine HCL The intravascular injection of 0.2 mgm. of epi- 
nephrine HCl (fig. 5) increased the systolic pressure equally in all three vessels, 
but increased the diastolic pressure onfy in the aortas. 
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A study of the pulse contours shows that epinephrine produces constriction of 
the peripheral systemic vessels and constriction of the large vessels which form 
the pulmonary arterial reservoir (“Windkessel”)- It has been shonm in mam- 
mals (11) that peripheral vasoconstriction of systemic vessels raises the pressure 
vdthout producing any fundamental change in the Ij’^pe of curve of the diastolic 
portion of the pressure pulse. The diastolic portion of the pulmonary pressure 
pulse, however, does show a fundamental change in the type of curve after the 
injection of epinephrine (fig. 5). At equal pmssures during the lower part of 
the curve the steepness was definitely increased by epinephrine, while at equal 
pressures at the upper part of the curve epinephrine produced no change or even 
some decrease in the steepness of the curve. Such changes are not produced by 
a change in peripheral resistance (11), but are produced bj’" changes in the elastic 
properties of the "Windkessel” from constriction of the large arteries (15). 






Fig. 5. Pressure pulses from pulmonary artery, right aorta and left aorta (from above 
downwards). At break in the record 0.2 mgm. of epinephrine HCl was injected into the 
left aorta and twenty seconds of records were deleted. 

Therefore, in turtles, the injection of epinephrine produces constriction of 
peripheral systemic vessels and of the vessels forming the pulmonaiy reservoir. 
No evidence was obtained that epinephrine effectively constricts the peripheral 
pulmonary vessels. 

Aid from the Josiah Macy Jr. Foundation in carrying out these investiga- 
tions is gratefully acknowledged. 


SUMMARY AND CONCLUSIONS 

The right and left aortic pressure pulses of turtles are synchronous and show 
equal pressures. Blood flow and the S 3 ’'stolic pressure rise occurs slightly earlier 
in the pulmonary artery than in the aortas. During the last part of S 3 '-stole the 
pulmonary pressure becomes 2 or more mm. Hg below that in the aortas. Dur- 
ing diastole the pulmonary pressure descends more rapidly and to a lower value 
than that in the aortas. 

No evidence was obtained that the ventricle retains any significant residual 
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voluDie of blood at the end of the ejection period. The cardiac output in turtles 
is increased by an increased heart rate and/or an increased diastolic filling of 
the ventricle. 

Cooling or warming the turtle respectively lowers or elevates the pulmonary 
systolic and diastolic pressure. At body temperatures near 0°C, diastole is ex- 
cessiveb'' prolonged. This is vagal in origin. 

The presence of only one ventricle enables the turtle to regulate effectivelj’’ the 
distribution of blood flow between the systemic and pulmonary areas. If the 
need arises (after hemorrhage) blood flow can be diverted into the systemic ves- 
sels bj’' closing off the orifice of the pulmonary arter}'' during the greater part of 
systole and by reducing the size of the pulmonary arterial reservoir. 

Epinephrine HCl administered intrar’-ascularl}’^ increased the peripheral re- 
sistance of the sj'-stemic vessels, increased the muscle tone of the great pulmonary 
arteries, but gave no evidence of anj'^ effect upon the peripheral resistance of the 
pulmonary circulation. 
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Investigations of the ovulation inducing factor obtained from plant sources 
have been retarded by the lack of a year round supply of material. Dry leaves 
and even the fresh juice' of the oat plant have not been a consistent source of 
the activity (1, 2). Extracts containing this factor have been prepared from 
occasional samples of frozen oat juice obtained from a commercial laboratory, 
but the lack of tests for activity of the juice before it was frozen and the frequent 
failures to obtain potent extracts from such juices, raised doubts as to the reten- 
tion of the activity during frozen storage. 

During the past year portions of juice samples, obtained at various times dur- 
ing the grovfing season, were canned and stored in the freezing room. The 
juices so stored were tested in the estrous rabbit from time to time to determine 
whether those samples, which were active as fresh juice, would retain their po- 
tency and be a source of material for study during the winter months Avhen 
fresh juice would not be available. The data obtained during this investigation 
show that frozen juice retains its potency, and also that there is a seasonal varia- 
tion in the response of the rabbit to this plant substance. 

Materials and methods. Each collection of oat plants was brought in from 
the field and immediately ground to a pulp in a power grinder and then the 
juice was expressed from the pulp by squeezing through unbleached muslin; 
The major portion of the juice was sealed into tinned cans, each containing about 
1 liter, which were then put in the freezing room for storage at 0-5° F. An 
aliquot of the remaining juice was immediately clarified by centrifugation or 
filtration, and the claiified juice processed in the same manner as described by 
Friedman and Mitchell (2). The benzoic acid powders obtained by this method 
were extracted with water at pH 7.4 (pH adjusted with 0.1 N NaOH) and the 
extracts were assayed by the rabbit ovulation test. The stored juices were pro- 
cessed and assayed after periods varying from a few days to several months. 
Since March 1942, the activity was extracted by a simplified procedure. The 
hydrogen ion concentration of the thawed juice is adjusted to 7.4 with 3 N 
NaOH, and allowed to stand in the refrigerator at 4°C. over night. The juice 
is then clarified by centrifugation, the solids are discarded, and the clarified juice 
then adjusted to pH 4.0 with 6 N H 2 SO 4 . This causes the formation of a finely 
divided precipitate which settles out more completely when placed in the refrig- 
erator for several hours. The clear supernatant fluid is siphoned off and the 
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sediment is centrifuged. The supernatant liquor is discarded; and the wet pre- 
cipitate, which contains the activity, may be extracted with water (about to 
- 5 V of the original volume) at pH 7.4 and this extract injected intravenously for 
assay, or the precipitate may be washed mth acetone, dried under reduced pres- 
sure, and stored as a powder for future reference. 

The simplified method outlined above, is based on the observation that the 
addition of benzoic acid to plant juices always produced a final pH of 4.0 =b 0.1. 
The aqueous extracts of the precipitates, throAvn down at pH 4, are less toxic 
than those from the benzoic acid precipitation, and there is a high percentage of 
recovery of the active principle (cf. sample 06 below). 

Results and -discussion. The results of repeated tests on 3 different lots of 
frozen juice are plotted in figure 1 as representative of 6 different collections of 
oats. Each symbol represents an aliquot portion of a particular sample that 
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Fig. 1. A series of assays of 3 different lots of oat juice extracts in the estrous rabbit. 
The solid circles represent positive tests (induced ovulation) and the figure below them 
indicates the number of ovulating units per liter of juice. The open circles represent nega- 
tive tests. The date of collection for each juice is noted. The first tests on 03 and 06 were 
on the fresh juice extracts. We are indebted to Dr. E. T. Gomez and Mr. A. M. Hartman 
of this Bureau for the samples of the juice, designated 07, which were collected and put in 
storage June 5, 1940. 

was processed and assayed at the time indicated. It is apparent that juices, 
when frozen, retain their rabbit ovulating potency for at least 21 months. The 
apparent increase in potency of the juices in the March 1942 assays ma)’" be due 
in part to the improved method of extraction. Both juices, 07 and 03, are pe- 
culiar in that samples which were assa 3 '^ed in rabbits from August through A'o- 
vember, gave negative results. Juice 06, collected September 3, 1941, was nega- 
tive when tested initial^; but, after 6 months of storage, it proved to be the 
most potent juice obtained last j^ear. It is interesting to note that 8 to 10 cc. of 
the clarified juice (06) when injected intravenousljq after adjusting to pH 7.4 
■with 0.1 N. NaOH, has induced ovulation in 3 different assa 3 ’^s. Doses of ex- 
tracts representing 10 cc. of this juice and containing 1.5 mgm. of dissolved sol- 
ids, have also been effective in inducing ovulation in the rabbit. This indicates 
a high percentage of the original actmty in the final extracts. Another sample 
of oats collected September 9, 1941, was similar to sample 06 in that it also was 
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negative when assayed initially but has subsequently been proven to be of sim- 
ilar potency. 

Friedman and Mitchell state that when extracts prepared during the preced- 
ing season had been stored as powders that, “With such stored powders it was 
possible to obtain positive responses in every month from January to May in- 
clusive, . . In our experience, extracts from frozen juices have induced ovula- 
tion in the months of January into July. It was possible to obtain positive 
responses in rabbits from March to July 1941, and again from January to March 
1942, to doses of juice extracts which gave negative responses from August to 
December 1941. During the late summer and fall there is a lower incidence of 
estrus in rabbits (3). Our observations on extracts from frozen juice and the 
reconsideration of the data of Friedman and Mitchell (4) make it seem very 
probable that there is a seasonal variation in the response of the rabbit to this 
plant substance. 


SUMMARY 

Oat juice collected at various intervals during the growing season retains its 
ovulating potency for at least 21 months when stored in the frozen state. Such 
storage makes possible a reliable year round source of the ovulation factor in 
, plant juices. A simplified method for the extraction of this factor is presented. 
There is a variation in the responsiveness of the estrous rabbit to the ovulation 
factor, the rabbit being less responsive during the late summer and fall months 
of the year. 
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In 1921 Graham suggested and showed experimentally that abnormally high 
negative pressure in the chest might cause pleural transudates, particularly if 
pulmonary edema was already present, fluid being sucked from the lung capil- 
laries into the pleural sacs. Brock and Blair (1931), utilizing a heart-lung prepa- 
ration, actually saw bloody fluid exude from the surface of the lungs under experi- 
mental conditions which permitted increased negative pressure uitlxin the glass 
chamber containing the lungs. Yamada (1933) made pleural punctures in 
several hundred Japanese soldiers. VTien the puncture followed a period of rest 
he obtained small amounts of fluid in 29 per cent of his subjects. If, however, 
the same individuals exercised vigorously, thus going through a period of violent 
breathing, Yamada obtained fluid on puncture in 70 per cent of his subjects. 
He did not require the men to breathe against resistance, that is, to inspire 
through a tube containing cotton wool or in some way arranged to make inspira- 
tion difficult. That situation, coupled noth work sufficient to produce deep 
breathing or nith inhalation of 6 to 10 per cent carbon dio.xide mixed Mth air or 
oxygen to accomplish the same purpose, would in all probabilit}'- have produced 
even more marked results than those gained through exercise alone, since maxi- 
mum degrees of negative intrathoracic pressure may be produced by such 
conditions. 

In the first group of expeiiments which follows, the flow of lymph from the 
lungs and heart has been observed during breathing against abnormal inspiratory 
resistance. 

Experiments anp discussion. Anatomical considerations. In a previous 
paper Warren and Drinker (1942) described the collection of lymph from the 
lungs of dogs. Thej’' showed that Ij’^mph entered the right lymphatic duet from 
all parts of the lungs except the upper section of the left lung, and that this Ij^mph 
m no case contributed materially to the lymph flow from the thoracic duct 
This was a surprising finding to the authors, though to a degree described by 
anatomists for man (Sappey, 1874; Rouviere, 1932). 
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The facts of the situation for the dog are shoira in figure 1. In the left semi- 
diagrammatic draining, the heart, great vessels, and infla,ted lungs are shown as 
thej^ wmuld appear if the anterior -wall of the chest w'^ere removed. So far as the 
13 ’^mphatics from the lungs are concerned, the superior vena cava is an impoi-tant 
guide. If it is follow^ed upivard in the illustration, the right Ij'^mphatic duct is 
seen entering the right subclavian vein just above a fairl}’- constant Ij'^mph node. 
Betiveen the superior vena cava and the aorta, two or more nodes are found 
which lie upon the surface of the trachea. The Ij’^mphatics entering this chain 
cany Ij^mph from the heart and lungs. In the drawing, the vessels to and from 



Fig. 1. The diagrammatic drawing (I) to the left shows the heart, lungs and great vessels 
of the dog viewed anteriorly. The superior vena cava is the prominent landmark. On the 
right, there is a single node not far below^ the subclavian vein. To the left of this vessel two 
other nodes are usually found, and from the upper an inconstant vessel may occasionally 
cross to the thoracic duct. The drawing { 2 ) to the right illustrates the fact found in almost 
all cases that lung Ijrniph drains ultimately to the right side. It is a rear view of the lym- 
phatic system and lungs of the dog. 


the nodes are single. As a matter of fact a number of afferent bmiphatics enter 
each node, and with experience one can learn to distinguish the smaller cardiac 
hmiphatic going to the upper node between the superior vena cava and the aorta, 
from several other afferent vessels canying Ij^ph from the lungs. 

The right drawing { 2 , fig. 1) show^s the gross features of b^ph drainage from 
the lungs of the dog viewed from the rear. Drainage of IjTOph to the right is 
clearlj" evident. In both 1 and 2 , figure 1, a vessel is shown as a broken line. 
Such vessels represent infrequent connections, in 1 crossing from the right to the 
thoracic duct or to enter the subclavian vein independenthq and in 2 ascending 
directh' to join the thoracic duct. Neither of these connections is large, and if 
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present thej’ are unimportant since the ] 3 ^mph diverted through them from the 
right duct cannula is insignificant in amount. 

jN'Ianj'^'dissections have shomi two things. Fiz’st, in about three out of eveiy 
six dogs the right Ij^mphatic duct contains chjde. Sometimes'the duct maj-^ be 
as large or larger than the thoracic duct, and is the main avenue for deliveiy of 
fat from the intestine to the circulation. Happily this irregular state of affairs 
is readily detected if right duct and thoracic duct Ij^mph are compared, and it is 
found that the former is a clear fluid rvith 2 to 3.5 per cent protein, few red cells, 
and varjdng numbers of lymphocjdes, while in the latter there is the milks’^ opac- 
ity, which the chyle provides, together mth a considerable number of red cells 
and a higher percentage of protein. Obviously, when the right duct lymph con- 
tained chyle an experiment upon lung Ij'^mph could not be done unless the abdo- 
men was opened and the thoracic duct ligated just below the diaphragm. This 
has not been done in the experiments which follow. 

These facts make it possible to collect lymph which in flow and composition 
represents that coming from the lungs, and in such a preparation one obtains 
practical^ all the lung lymph plus lymph from the heart which, in the absence 
of anoxia, will not, however, change unless cardiac activity is increased or de- 
creased markedly, contingencies against which it is possible to provide adequate 
control. Cannulation of the right Ij’^mphatic duct has been a difficult task and 
is accomplished satisfactorily in about one out of five animals. If one wishes 
lung lymph alone, there is as j^et no way of collecting it short of opening the 
anterior mediastinum under artificial respiration and cannulating a lung Ij'-m- 
phatic, the procedure followed in the experiments upon anoxia reported in the 
latter part of this paper. 

Experivients in which inlrathoracic negative pressure loas increased. A dog was 
anesthetized with sodium barbital given intravenouslju This barbiturate is 
preferable to nembutal when respiration must be kept constant. Under nem- 
butal the animal tends steadily'- to emerge from anesthesia, and this is particularl 3 '- 
disturbing in respiratory experiments since new injections of the anesthetic are 
invariably depressing for a short period. The right l 3 ’-mphatic duct was cannu- 
lated and produced clear chyle-free lymph. At the start, the animal breathed 
100 per cent oxygen under conditions precluding any possibility of resistance to 
inspiration. It was possible, however, b 3 '’ tuniing a three-wa 3 '' valve to compel 
the animal to breathe pure ox 3 ^gen through a tube containing cotton Avool. The 
obstmction to inspiration was very great, the negative pressure in the chest meas- 
ured b 3 ' means of a needle thrust through the chest wall reaching 56 mm. Hg at 
the height of inspiration. Clearly the experiment imposed a very severe strain 
which the animal could not have endured for many minutes. There was an 
immediate increase in lymph flow, and the lymph at once began to show red cells. 
Prior to the onset of obstructed inspiration the lymph contained 50 red cells per 
cubic millimeter. In 7 minutes the red cell content of the tymph rose to 57 900 
per cubic millimeter. During this period of difficult inspiration the systemic 
blood pressure fell from a very even level of 143 mm. Hg. to 112 mm. Hg. 

It was thus apparent that a large increase in negative intrathoracic pressure 
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drew fluid from the lung capillaries into the lung parenchyma and, under the ex- 
cessive strain imposed bj’- this experiment, not only plasma but red cells left the 
lung capillaries to be returned to the circulation in the lung Ij'mph. When the 
obstruction to inspiration ivas removed the red cell content of the l 3 ^mph disap- 
peared at once, an interesting commentary upon the rapiditj’- with which non- 
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Fig. 2. The effect of breathing against inspiratory resistance. Upper curve, A.P., ar- 
terial blood pressure; middle curve, R.D.L., lymph flow in milligrams per minute; lower 
curve (broken line),N.P., negative pressure in chest. During the first hour and a half lymph 
flow fell from nearly 20 to 11 mgm. per minute. Resistance to inspiration was then suddenly 
increased, and lymph flow rose at once to 82.5 mgm. per minute. When resistance was re- 
moved lymph flow fell to 34.0 mgm. per minute, but again increased sharply when the dog 
breathed 90 per cent oxygen and 10 per cent carbon dioxide with resistance. 


ameboid cells reach avenues of Ij'-mphatic drainage in the moving, breathing 
lung. 

Figure 2 summarizes the results of a more extended experiment. In this case 
a dog anesthetized -vsith sodium barbital was prepared as follows. The trachea 
was cannulated in order to permit inhalation of oxj^gen or oxygen plus carbon 
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dioxide; the external jugular vein on the right side was made ready for introduc- 
tion of a long glass tube passed down through the superior vena cava into the 
right auricle in order to obtain samples of mixed venous blood; blood pressure 
was taken from one femoral artery, and arterial blood samples under oil from the 
other. The right lymphatic duct was cannulated and found to produce chyle- 
free lymph. 

There is little need to comment on the results as shovm in figure 2. It is clear 
that increased negative pressure in the chest produces a huge increase in Ij^mph 
flow. It may be contended that with the added respiratory effort there would 
be larger inflow into the heart and so more possibility of lymph production in the 
lungs. Cardiac output, determined b3’’ utilizing the direct Tick principle (Groll- 
nian, 1932), was 1.34 liters per minute prior to the first period of resistance to 
breatlung, and at the height of the first period of resistance to inspiration rose to 
1.42 liters per minute. 

In the first period of resistance to inspiration, which is shown so dramaticall3'’ 
in figure 2, certain other points deserve comment. First of all, during the entire 
experiment the ox3’’gen content of the arterial blood did not fall below 20.80 
volumes per cent. Knowing that anoxia is a potent cause of increase in flow of 
lung l3'-mph, the animals in these experiments were given pure oxygen or 90 per 
cent oxygen plus 10 per cent carbon dioxide, so that anoxia should not enter the 
problem. A second point, already made, is that during the period of increased 
breathing cardiac output was practically unchanged. A tliird factor is the 
breathing itself when there is sudden resistance to inspiration. In this experi- 
ment, Avhen the animal was compelled to breathe oxygen against resistance his 
minute volume fell to an average of 2.0 liters against 5.7 without resistance. It 
is clear from the figures upon blood ox3'^gen that, owing to the use of 100 per cent 
oxygen for inhalation, anoxia did not occur. So far as can be seen, no essential 
factor affected l3Tnph flow other than the increased negative pressure in the chest 
caused by breathing against resistance. There was no anoxia and cardiac output 
remained practically unchanged, but transudation occurred when the intra- 
thoracic negative pressure was increased. 

The experiments described thus constitute in the li^dng animal a verification 
1, of Graham’s idea; 2, of the illuminating experiments of Brock and Blair, and 
3, of the primitive but interesting observations of Yamada upon his docile Japa- 
nese soldiers. 


In a second group of experiments lung 13'^mph was collected during anoxia 
produced by breathing gas mixtures containing low amounts of ox3’-gen. 

In a previous paper (Warren and Drinker, 1942), it was shovm that h’-mph 
collected from the lungs of dogs increased under such circumstances. In these 
animals the anterior mediastinum was opened, the upper part of the sternum 
3eing removed and a cannula introduced into one of the several lung lymphatics. 

m bmiph collected does not represent the total outflow from the lungs, but it is 
a lehable cross-section of l3miph drainage at an3'- moment. 

n this first paper (Warren and Drinker, 1942) it was brought out from the 
1 eiature that anoxia does not increase cardiac output (Grollman, 1932; Doi 
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1921), but no experiments were done in which cardiac output was actually meas- 
ured when anoxia caused increase in lymph flow from the lungs. The point is far 
from academic. If, mth anoxia, the output of the heart increases markedly, 
then a heightened production of lymph may mean nothing more than enhanced 
filtration of fluid from the lung capillaries as the result of a capillary bed, possiblj^ 
Avidened, and subjected to at least a slight increase in pressure. If, on the other 
hand, anoxia is accompanied by greater flow of lung lymph and the cardiac out- 
put remains the same as in the control period, or falls, then, given absolutely 
constant lung movement during the entire experiment, it is fair to attribute in- 
creased lymph flow to increased permeability of the lung capillaries arising from 
anoxia. 

Experiments on low oxygen. In dogs anesthetized with sodium barbital 
and under artificial respiration the anteilor mediastinum was opened and a lung 
lymphatic cannulated. S 3 ’'stemic blood pressure was taken from the femoral 
arteiy vuth a mercmy manometer. Rate of Ij'-mph flow was measured bj'’ collect- 
ing lymph for a given period of time into weighed tubes which were then re- 
weighed. Cardiac output was determined by utilizing the direct Fick principle, 
the samples of mixed venous blood being taken through a glass tube introduced 
into the right auricle through the jugular vein. 

Figure 3 will suffice to show the results obtained. In this case artificial respi- 
ration with air was used first. After the initial high lymph flow which invariably 
follows the procedure of cannulation of lung or other Ij'-mphatics, due to tempo- 
raiy obstraction during operative procedures, the Ij'^mph flow became very 
steady at about 9.7 mgm. per minute. The blood pressure, as is usual in such 
experiments, became constant, and cardiac output at the close of the period of 
ventilation vdth room air was 2.13 liters per minute. Ventilation was then 
shifted to a mixture of 13.6 per cent oxj'^gen and 86.5 per cent nitrogen. Ljonph 
flow and blood pressure remained unchanged, and the cardiac output was 1.92 
liters per minute. After 1 hour and 35 minutes’ administration of this mixture 
of gases, during which the arterial oxj’gen saturation fell from 16.08 to 9.48 vol- 
umes per cent, a second shift in ventilation was made, this time emplojdng 10 
per cent oxygen and 90 per cent nitrogen. Immediately the output of lung 
tymph rose, at first during a period when blood pressure was uniform with preced- 
ing values. The cardiac output, however, fell to 0.95 liter per minute and arte- 
rial oxj^gen saturation to 4.23 volumes per cent, when it became necessary to 
return to ventilation vith room air. Obviouslj’’ (fig. 3), as soon as this was done 
Ijmiph flow from the lungs fell to normal level and was undisturbed in the final 
period of the experiment when a mixture of 10 per cent carbon dioxide and 90 
per cent ox^’^gen was used. During the recoverj’’ period, when 10 per cent oxygen 
plus 90 per cent nitrogen was replaced bj'' room air, oxj''gen saturation of the 
arterial blood reached 14.53 per cent and cardiac output was 1.27 liters per 
minute. 

This experiment and others of similar type indicate that the production of ex- 
travascular fluid in the lung parench 3 Tna, which, in good part, is drained off as 
lung l 3 "mph, depends upon anoxia of the lung capillaries and not upon augmenta- 
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tions of pressure and flow of blood through the lungs. No one ndio approaches 
the problem of pulmonary edema can be surprised at this conclusion. The nor- 
mal mammal can experience tremendous increases in pulmonary blood flow 
during exercise. The vascular bed in the lungs is so huge and so distensible that 
significant increases in pulmonary blood pressure do not occur unless return o 
blood to the left ventricle is impeded. If one obstmcts the pulmonary veins in 
an animal mth a normal heart, and then gives adrenin or ephedrine so as to drive 



0 1 2 3 4 5 

HOURS 


Fig. 3. Effect of lowering alveolar oxygen. Dots with figures, cardiac output in liters per 
minute; upper curve, A.P., arterial blood pressure ; second curve, P-%, protein in lung lymph 
in per cent; third curve, P-MGM., protein in lung lymph in milligrams per minute; fourth 
curve, L.L., milligrams of lung lymph per minute. Ordinates, as designated; abscissae, time 
in hours. Between the vertical lines, animal breathed gas mixtures as designated. Rate 
and stroke of respiratory pump uniform throughout. 


up cardiac output, the pulmonarj’- blood pressure can show short but surprising 
rises. In the experiment we have reported there has been no hindrance of return 
of blood to the heart through the lungs, and the output of the heart has fallen 
rather than risen during the period of anoxia. The conclusion is unescapable 
that oxygen lack alone has caused the lung capillaries to leak abnormally, and 
that as soon as extreme anoxia is relieved by ventilation with room air this in- 
crease in permeability ceases. 
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The effects of oxygen in maintaining the lung capillaries at normal permeability 
cannot be over-emphasized, and the subtlety with Avhich fluid leaks from the 
capillaries into the lung parenchyma should be one of the ever-present nightmares 
of clinicians. If, to anoxia, as in eases of cardiac decompensation, increased 
pressure in the pulmonaiy capillaries is added, lung edema mil occur with even 
greater rapidit}^ and more malign results. 

SUMMARY 

. 1. The anatomy of the lung bmph drainage in the dog is described, and it is 
made clear that lung and heart hmph enter the blood through the right lym- 
phatic duct. 

2. It is held that cardiac activity, measured through output, remaining steady, 
fluctuations in lymph flow from the right duct reflect changes in the production 
and flow of lung lymph. 

3. Experiments are described which show that when an animal breathes 
against resistance so as to increase intrathoracic negative pressure, the flow of 
lymph from the lungs increases; and if the resistance to inspiration is very high, 
there may be not only a gain in the flow of lung lymph but the fluid may actually 
become bloody'. 

4. These facts indicate the influence of the extravascular negative pressure in 
producing transudation of fluid from the lung capillaries into the lung paren- 
chy'ma. 

5. Further experiments are described in which, under absolutely uniform arti- 
ficial respiration, expiration being without suction, dogs have been subjected to 
progressive severe anoxia. 

6. When the oxy'gen in the mixture used for artificial respiration was 13.5 per 
cent, no increase in the flow of lung lymiph was noted. 

7. On reducing the oxy'gen to 10 per cent, a sudden increase in the flow of lung 
ly'mph occurred, which ceased promptly' on returning to ventilation with air. 

8. The changes in the production and flow of lung ly'mph during anoxia cannot 
be attributed to increased cardiac output or extension of the filteiing bed of the 
lung capillaries, since the output of the heart fell markedly' during anoxia. Con- 
sequently it must be concluded that Avhen sufficient oxy'gen is not available the 
lung capillaries promptly' become abnormally' permeable, but if this condition 
is not allowed to go too far they' readily' return to normal by' ventilation with 
adequate oxy'gen. 
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An earlier paper reported (1) results of the measurement of air moved by ap- 
plication of artificial respiration t o conscious men . The primary purpose of that 
study was to evaluate the worth of a special method of artificial respiration, the 
Pole-top Method, by comparing its efficiency with the Schaefer Method. The 
latter method is designed for subjects Ijdng prone. The Pole-top Method is 
designed for subjects in the trunk-vertical position and is of recent development 
(2) to meet a particular need, i.e., for application to men servicing electric power 
lines who may suffer “electric shock” and therewith respiratory paral.ysis as the 
result of contact nath high voltage circuits. 

These workers support themselves on the power-line poles by safety straps 
and when they are injured considerable time must elapse before they can be 
lowered to the ground. This time factor may well be of significance in the suc- 
cessful application of the older methods of artificial respiration. The Pole-top 
Method was developed to overcome this delaja It is applied by a fellow-worker 
who, supporting the metim on his omi safety-strap in the trunk-vertical position 
(in effect holding the victim in his lap), spreads his hands over the loAver abdomen 
and makes vigorous rh 3 dhmical upward lifts, thus forcing air to be expired. 
Further detailed description of the procedure maj’’ be found elsewhere (1, 2, 3). 

Our earlier stiidj', made on conscious men, indicated that the volume of air 
moved by the Pole-top IMethod when applied to subjects in the trunk-vertical 
position is somewhat greater than that moved bj’- the Schaefer IMethod as applied 
to the same subjects in the prone position. Although we used onlj' intelligent 
subjects presumably capable of relaxed passivity the results secured are open to 
criticism because the subjects may have co-operated unintentionall 5 \ 

It thus seemed desirable to repeat the observations on anesthetized subjects 
in whom there was no possibility of co-operative aid. One of the barbiturates, 
sodium pentothal, was administered intravenously. The administration of this 
drug promptly effects unconsciousness and complete muscular relaxation. At 
the outset respiratory activity is depressed but it shortly returns to a fairly 
steady state which, by judicious administration of repetitive doses, ma^’- be 
safely maintained for a considerable period of time. 

The data on the three subjects who were carried through the experimental 
procedure successfully are given in table 1, This comprises the detailed results 
secured when they were conscious as well as unconscious, together vfith their 
averages and the averages of the fifteen conscious subjects previously studied. 
Table 2 summarizes these results, the values being expressed in percentage in- 
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crease of air moved during application of artificial respiration over that of the 
corresponding control period of natural breathing, 

TABLE 1 


Respirations per minute and air moved per respiration in natural breathing and during artificial 
respiration applied before and after induction of anesthesia, together with the averages 
on fifteen conscious subjects previously reported 


COJ?DITIONS 

1 

j 

A 

28 VBS. 
139 LBS. 

B 

38 YRS. 
160 LBS. 

c 

38 VRS. 
167 LBS. 

AVERAGE 
A, B, AND C 

AVERAGE 

15 

SUBJECTS 

Conscious 

Natural breathing in prone position: 

Resp. p. Min 

15 

14 

11 

13 

13 

Cc. p. Resp 

375 

625 

770 

590 

545 

Original Schaefer artificial respiration:* 

Resp. p. Min 

14 

10 

12 

12 

11 

Cc. p. Resp 

424 

1000 

nil 

845 

868 

Modified Schaefer artificial respiration;** 
Resp. p. Min 

13 

11 

10 

11 

11 

Cc. p. Resp 

457 

1250 

1250 

9S6 

1028 

Natural breathing in trunk-vertical position; 
Resp. p. Alin 

14 

16 

10 

13 

15 

i J 1 

Cc. p. Resp 

413 

625 

1000 

679 

558 

Pole-top artificial respiration; 

Resp. p, Min 

10 

14 

10 

11 

10 

Cc. p. Resp 

875 

i 

nil 

nil 

1032 

1363 




Unconscious 

Natural breathing in prone position: 

Resp. p. Min 

17 

IS 

19 

18 


Cc. p. Resp 

172 

3S4 

237 

264 


Original Schaefer artificial respiration:* 

Resp. p. ARn 

11 

11 

12 

11 


Cc. p. Resp 


714 

625 

590 


Alodified Schaefer artificial respiration:** 
Resp. p. AEn 

9.5 

10 

12 

10 


Cc. p. Resp 

671 

910 

768 

746 


Natural breathing in trunk-vertical position: 
Resp. p. Alin 

21 

17 

19 

19 


Cc. p. Resp 

170 

367 

280 

272 


Pole-top artificial respiration: 

Resp. p. IMin 

11 

12 

13 

12 


Cc. p. Resp 

714 

912 

770 

799 





* Hands held in position between pressure strokes. 

** Hands allowed to slip off at the end of each pressure stroke. 


These findings, of course, are not strictly comparable to what might be ex- 
pected to follow in individuals in whom all respiratorj'^ activity had ceased but 
tliey arc probaljly as close as laboratorj" conditions can provide. The}’" are fur- 
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thenuore of interest in giving evidence of tlie relative efficiency value of the 
three methods of artificial respiration studied and, so far as we know, repiesent 
the fimt effort to evaluate the worth of artificial respiration in subjects under 
general anesthesia. 

Procedure. The procedure was much the same as in our earlier study, the 
same operator acting throughout, except the present subjects were not given 
preliminary training in the technique. The sequence of events was: 1. With 
mask and pneumograph in place the subject lay prone on the mat and rested five 
minutes. 2. Operator took position and waited two minutes. 3. Record of air 
moved in natural breathing. 4. Record of air moved by original Schaefer method 
(operator’s hands held in position between pressure strokes). 5. Pause lasting 
two minutes. 6. Record of air moved by modified Schaefer method (operator’s 
hands allowed to slip off at end of each pressure stroke). 7 . Subject rose ivithout 
displacing mask and assumed a trunk-vertical sitting position where he rested 

TABLE 2 

Raw data taken from table 1 

Amount of air moved per minute and per respiration expressed as percentage increase 
over corresponding control period. The open figures represent the averages for the three 
subjects here reported; the bracketed figures represent the averages of the fifteen subjects 
previously reported. The right hand column of this table, as indicated by the heading, 
shows still another evaluation of the data. 



PERCENTAGE 
INCREASE OVER 
CONTROL PERIOD. 
AIR lXO\T.X) PER illN. 

PERCENTAGE INCREASE 
OVER CONTROL PERIOD. 
AIR MOVED PER 
RESPIRATION 

PERCENTAGE 
DIPFERENCE IN MR 
MONXD PER MINUTE 
DY ARTIFICIAL 
RESPIRATION WlILE 
ANESTHETIZED 
COMPARED TO 
NORMAL BREATHING 

WHILE coNsaous 

Conscious 

Aaosthe- 

tized 

Conscious 

Anesthe- 

tized 

Original Schaefer artificial resp 

32 (35) 

37 

43 (59) 

123 

15% decrease 

Modified Schaefer artificial resp 

41 (60) 

57 

67 (89) 

183 

3% decrease 

Pole-top artificial resp 

29 (63) 

86 

52 (144) 

194 

9% increase 


five minutes. 8. Operator took subject onto his safety-belt strap followed by 
another pause of five minutes. 9. Record of air moved in natural breathing 
(trunk vertical), 10. Record of air moved by Pole-top method. 11. Anes- 
thesia induced followed by pause until steady state of respiratory activity 
obtained. 12. Record of air moved by Pole-top method (trank vertical, subject 
unconscious). 13. Unconscious subject lifted do\ra without displacing mask 
and placed prone on mat and rested five minutes. 14. Operator took position. 
15. Record of air moved in natural breathing (subject unconscious). 16. Record 
of air moved by original Schaefer method (subject unconscious). 17. Pause 
lasting two minutes. 18. Record of air moved by modified Schaefer method 
(subject unconscious). 

Results. The raw data from the observations are presented in table 1. It 
will be noted that the imposed respiratory rate (during artificial respiration) is 
less than in natural breathing while the amount of air moved per respiration is 
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greater. It is thus apparent that all three of the methods of artificial respiration 
employed are more than adequate to supplj’’ the requisite pulmonary ventilation. 

In table 2 the foregoing data are used to express the results as percentage in- 
creases of the amount of air moved per minute and per respiration over the 
corresponding periods of natural breathing. Here the Pole-top Method shows 
as inferior to the Schaefer hlethod on the three new subjects when conscious. 
These values, compared vith the values estimated from the conscious subjects 
earlier reported (1) (bracketed figures) suggest that a psychological factor maybe 
involved in worldng vdth conscious subjects. Such a factor majq however, not 
make its appearance if the subjects are given preliminary training experience as 
was done in our earlier work. However, when the same three subjects were 
unconscious the values are clean cut and consistent. 

It is, furthermore, to be noted in table 2 that in every instance the values, both 
for air moved per minute and per respiration, are greater when the subjects were 
unconscious. 

Table 2 also shows (right hand column) the average percentage difference in 
air moved per minute by the three methods of artificial respiration while the 
subjects w^ere unconscious compared -ndth natural breathing vdiile conscious. 
Anesthesia, of course, tends to depress the metabolism. Nevertheless it is of 
interest to note that the values presented are comparable to those sho\ATi in the 
other two columns of the table and tend to support the previous statement as to 
the relative efficacy of the methods tested. 

We are indebted to Dr. W. H. Smith, Director of the Johns Hopkins Hospital, 
for facilities, and to the Duquesne Power & Light Co. for funds used in this study. 

SUMMARY 

Data are presented on the amount of air moved by artificial respiration in three 
subjects when conscious and when unconscious (anesthetized). These data 
indicate that: 1, more air is moved in the unconscious (anesthetized) than in 
the conscious subject -with each (artificial) respiratory act; 2, the modified 
Schaefer hlethod (hands allowed to slip off at the end of each pressure stroke) 
is superior to the original Schaefer Method; 3, the Pole-top Method of artificial 
respiration, for the purpose intended, is an adequate and valuable procedure; 
4, the results indicate that the Pole-top Method in the trunk vertical position is 
more efficacious than the Schaefer Method in the prone position. 
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The anti-insulin effect of hormones of the adrenal cortex and of the adreno- 
tropic hormone of the anterior pituitaiy has been established by experiments of 
Grattan, Jensen and Ingle (1941) who showed that injection of these hormones 
may prevent insulin contailsions. However, these studies do not answer the 
question as to whether the physiological secretion of the adrenal cortex is ade- 
quate to modify the effects of insulin. The observation of Conn (1941) that 
hj'’perinsulinism in the human cannot be allemated by injections of relativelj’' 
large quantities of potent adrenocortical extracts suggests that the experiments 
of Grattan and collaborators are of a greater pharmacological than physiological 
significance. The experiments described in this paper were designed to throw 
some light on the physiological role of the adrenal cortex in insulin hjq^oglycemia. 

Methous. The experiments were performed on two groups of male rats (250 
to 300 grams): one group was adreno-demedullated and the other was com- 
pletely adrenalectomized. After a fast of 16 hours insulin (Lilly) was injected 
intraperitoneally and the blood sugar was determined after Hoffman (1937). 
The electroencephalogram (E.E.G.) was obtained by using Hoagland’s method 
of inserting phonograph needles into the skull. 

Results. Table 1 shows the effects of 0.2 u. of insulin/kgm. injected intra- 
peritoneally into adreno-demedullated and adrenalectomized rats. The lowering 
of the blood sugar is practically identical in both groups (table 1). There is, 
however, a marked difference in the frequency of cerebral symptoms as table 2 
indicates. Sjmptoms in the foim of coma or convulsions were observed in only 
16 per cent of the adreno-demedullated animals although 76.5 per cent of the 
adrenalectomized animals showed these symptoms. The sensitivit}^ of the latter 
group is further illustrated by eleven additional cases (not included in table 1) 
in which convulsions occurred so abruptly that blood samples could not be 
obtained. Inclusion of this group in table 2 raises the percentage of cerebral 
involvement to 84 in the adrenalectomized rats. 

Since table 1 shows that convulsions do not dejDend solely upon the h3'’po- 
glj'cemic level attained bj'^ the adreno-demedullated and adrenalectomized rats, 
it appeared to be likely that the rate of fall of the blood sugar might be the de- 
ciding factor. Comparison of the effect of insulin on 6 adrenalectomized and 9 
adreno-demedullated rats shows that although the final blood sugar levels are 
similar the rate of fall is less rapid in the adreno-demedullated group. 

It is worths'’ of note that the delayed fall of the blood sugar persisted when 

1 Aided by the John and Mary R. Markle Foundation. 
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insulin was injected into the adreno-demedullated rats in even greater amounts 
(0.3 to 0.5 u/kgm.) than were administered to the adrenalectomized group (0.2 
u/kgm.). From these experiments it follows that the rate of fall of blood sugar 
is delayed by the hormones of the adrenal cortex. This effect of the adrenal 
cortex can be easily overcome in adreno-demedullated animals b}'- injecting very 
large quantities of insulin. "ViTien 5 u/kgm. are injected, coma and convulsions 
occur in nearly all animals mthin 40 to 60 minutes. Apparently the insulin is 
circulating in the blood in concentration sufficiently high to offset the anti-in- 
sulin effects of the adrenal cortex. Therefore, the rate of the fall in blood sugar 
as well as the cerebral symptomatology becomes similar to that of adrenalecto- 
mized rats. 


TABLE 1 


Effect of 0.2 unit insulin (Lilly) iniraperitoneally on the blood sugar of rats 


NimBER OF ANIMATS 

TYPE OF OPERATION 

INITIAL BLOOD SUGAR 

BL. SUGAR AFTER 

60 MIN, 



mgm.% 

msm.% 

25 

Adrenodemedullation 

98 db 4.5 

74 d= 9.1 

22 

Adrenalectomy 

96 ± 6.0 

70 ± 9.9 


TABLE 2 


Cerebral sytnptoms following the injection of 0.2 u. insulin 


NUMBER OF ANIMALS 


TYPE OF SYMPTOMS 

PERCENT OF SYMPTOMS 

25 

Adrenomedullated 

2 comas 

2 convulsions 

16 

33 

Adrenalectomized 

7 reflexes depressed 

9 comas 

84 



12 convulsions 



All of the data presented thus far indicate that the difference between the two 
groups with respect to cerebral symptoms cannot be explained on the basis of 
hjqjoglycemia alone. It seem.s of importance to prove this point more specifi- 
cally. Table 3 shows how adreno-demedullated and adrenalectomized animals 
react at various hypoglycemic levels. It is obvious from the table that cerebral 
symptoms occur in adrenalectomized animals at relatively high blood sugar 
levels. None of the adreno-demedullated animals shows an involvement of the 
central nervous system at comparable levels. Moreover, at blood sugars be- 
tween 66 and 58 mgm. per cent all adrenalectomized animals show coma or 
conATilsions whereas in the adreno-demedullated groups 50 per cent of the ani- 
mals remain normal. 

This difference in the reacti^)ity of the brain at low blood sugars is brought out 
in figure 1 in which the adrenalectomized animal reacts with coma characterized 
by the disappearance of alpha waves and the appearance of delta potentials. 
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The adreno-demedullated animal reaches a far lower degree of hj'-poglycemia 
without showing any change in E.E.G. or gross behavior. 

TABLE 3 


Relation of hypoglycemic level lo cerebral symptoms 



I. AdrenodemeduUated rats I II. Adrenalcctomizcd rats 



ni£ni. % 


6 normal j 

77-SO 

I 0 normal 2 coma.s 

13 normal 

74 

1 1 normal 1 depressed 1 coma 

6 normal 1 deptessed reflexes 2 comas | 

70 

2 normal 4 depressed 1 coma 

3 normal 1 depressed reflexes 1 coma ■ 

6G 

1 coma 

1 normal 2 depressed reflexes 2 comas 

02 

5 comas 2 convulsions 


58 

5 convulsions 1 coma 


Min. 

A 50 



nil. 

37 


'i sea 

sug^ and'E.E intraperitoneally. Effect on blood 

B. Adrenodemedullated rat; same as above. 


Discussion. Our observations on cerebral symptoms in adrenalectomized 
and adreno-demedullated animals confirm similar studies of Zucker and Bero- 
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(1937). However, the reactivitj'- of the blood sugar is different in the experi- 
ments of these authors and our ovti. Zucker and Berg observed a delay in the 
recoverj’- of the blood sugar of their adrenalectomized dogs but saw no differences 
in the rate of fall. It should be mentioned however that these' authors used dogs 
and maintained the animals with adequate quantities of cortical extracts. Our 
adrenalectomized rats were not given any hormones but kept in good condition 
solel}’^ by the ingestion of 2 per cent NaCl. 

Since in our earlier work (Gellhorn, Feldman and Allen, 1941) adreno-de- 
medullated animals often showed coma when injected with 0.2 u. insulin/kgm. 
it seems probable that these animals suffered from adreno-cortical deficiency. 
This interpretation is supported by the fact that the adreno-demedullated ani- 
mals discussed in the present study showed a progressive loss of weight when 
given 2 per cent NaCl instead of water, whereas in the earlier work they remained 
in good condition on the salt diet. 

The blood sugar curves presented in this paper indicate that the cortical 
hormones dela}' the action of insulin in the adreno-demedullated group. They 
also show that the frequency of cerebral symptoms is not due to the blood sugar 
level. Assuming that the symptoms occur when the utilization of sugar reaches 
a certain low value, it appears most probable that the glucose uptake by the 
brain is higher in the adreno-demedullated group than in the adrenalectomized 
group at similar blood sugar levels. This suggests that the brain circulation is 
better in the adreno-demedullated than in the adrenalectomized animals. 

Circulatory disturbances in adrenalectomized animals are likewise suggested 
by the observation that they frequently fail to recover from insulin convulsions 
on injection of glucose. The absorption of glucose from the peritoneal cavity 
of these animals is prompt as indicated bj'’ sugar measurements. Nevertheless, 
the rats often remain in a comatose condition. Whether this is due to inade- 
quate brain circulation or whether hypoglycemia induces irreparable brain dam- 
age relativelj^ quickly in adrenalectomized animals cannot be decided at the 
present time. It is, however, more probable that circulatory failure plays the 
predominant role since adrenalectomy predisposes to shock (Swingle, Parkins 
and Remington, 1941). 


SUMMARY 

1. The effect of 0.2 u. insulin/kgm. on adreno-demedullated and adrenalecto- 
mized rats is similar as far as the minimal blood sugar level is concerned but the 
rate of fall is more rapid in the adrenalectomized animals. 

2. Coma and con\’ulsions occur frequently in the adrenalectomized and rarely 
in the adreno-demedullated group in spite of similar degrees of h 3 Tpoglycemia. 
This difference is seen not only in the gross behavior but also in the E.E.G. which 
maj' be normal during hypoglycemia in an adreno-demedullated animal although 
the same blood sugar level invariablj’’ causes coma, disappearance of alpha and 
appearance of delta potentials in adrenalectomized animals. 
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For a large number of organic filterable solutes, such as the foreign _sugars> 
the urinary excretion rate is in general proportional to the seram concentration- 
Under specified conditions the ratio of these two quantities, the clearance, is a 
constant independent of the serum concentration. Such clearances are closely 
dependent on the glomerular filtration rate and may indeed for some substances 
be numerically equal to it. The clearance of each substance is largely independ- 
ent of the presence or absence of other substances in the urine. 

Clearances of ions maj^ be calculated in the same waj’' as those of the organic 
filterable substances, but their behavior is less simple. In the first place, these 
clearances are not independent of serum concentration. In the second place, 
the virtual electroneutralit}’’ of the urine means that the sum of the concentra- 
tions of cations must alwa3'’s equal that of anions. With each cation an equiva- 
lent amount of anion must be excreted, and vice versa. It is manifestly not 
possible for the excretion of all anions and cations to depend simply on their 
respective concentrations in serum. 

Nevertheless excretion of electrolytes does proceed in an orderly fashion. 
The experiments to be described attempt to analyze the relationships between 
electrolyte excretion and certain other variables, in order to formulate the type 
of general statements which can be made concerning ionic excretion. Sulfate 
was chosen as a reference substance, partly because of its representative char- 
acter, partly because its concentration in serum may safely be increased to a 
greater extent than concentrations of other ions. Excretion of inorganic sulfate 
following the intravenous injection of various sulfate salts has been compared 
with the concentration of sulfate in serum, with glomeralar filtration, and vith 
the excretion of associated cations and anions. 

jMaterials axd methods. Adult female dogs were used in all experiments. 
An inlying catheter was kept in place, and after a preliminary period of urine 
collection, a solution of the salt to be studied was injected intravenously. The 
exact composition and concentration of the solution injected in each experiment 
is indicated in the tables. The urine specimens during the infusion and during 
several subsequent collection periods were saved, completeness of collection 

* A preliminary report of certain of these experiments was presented before the American 
Physiological Society in 1940. This Journal 129: P49S, (1940). 

- 1 his paper is based in part upon a thesis submitted by Bernard M. Schwartz to the 
faculty of the "Vale University School of Medicine in candidacy for the degree of Doctor of 
Medicine, 1939. 

, ’ Aided by grants from the Ella Sachs Plotz Fund, from the Fluid Research Fund of the 
Vale School of IMedicino, and from the Emerson Fund. 
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being insured by washing out the bladder with water. The exact time at which 
each period began or closed was recorded. Samples of blood were obtained from 
the femoral vein, both before the infusion and at the beginning and end of each 
urine collection period thereafter. Creatinine, 10 grams in 100 cc. of solution, 
was injected intraperitoneally just before the salt infusion. Urine and serum 
samples were analyzed chemically for sulfate, creatinine and various associated 
cations and anions. Clearances were calculated for each period by dividing 
the average excretion rate for that period by the mean semm concentration 
during the period. The latter was determined by the method of Winkler and 
Parra, which has been previously described (16). Creatinine clearance is as- 
sumed to be identical uith glomerular filtration rate in the dog (11, 12). 

Sodium was deteimined by the method of Hald (7), sulfate by the method of 
Cope (1), and chloride by the method of Van Slyke (10). Magnesium and 
creatinine were determined by methods pre\dously described (14, 16). 

Results. In table 1 are presented the results of experiments in which sulfate, 
alone and in combination vith sodium chloride, was injected. In tables 2 and 3 
are presented the results of similar experiments in which potassium sulfate and 
magnesium sulfate, respectively, were employed. The results will be analyzed 
in several ways. 

A. Relationship between urinary excretion of sulfate and serum concentration of 
sulfate in all experiments. In figure 1 the excretion rate of sulfate is plotted 
against serum concentration in experiments of table 1. Figure 2 is a similar 
plot showing the results of the experiments of tables 2 and 3. There is evi- 
dently considerable variation from experiment to experiment in the exact rela- 
tionship of excretion rate to serum concentration. Nevertheless, from these 
figures it appears that there is in general for each experiment a linear relation 
between the rate of excretion of exogenous sulfate and its concentration in 
serum. Extrapolations of these lines do not pass through the origin, but inter- 
sect the abscissa at various points. The lines of figure 2, representing the excre- 
tion of moderate amounts of exogenous sulfate, tend to intersect near the same 
point, corresponding to some 3 mEq. per liter. Only sodium sulfate could be 
used to study the excretion of large amounts of sulfate, since the salts of mag- 
nesium and of potassium are too to.xic. The lines (fig. 1) are steeper than those 
of figure 2, and when extrapolated cut the abscissa at higher concentrations. It 
is noteworthy that this linearity held good in spite of the fact that the simultane- 
ous creatinine clearances varied \ridely (table 1). 

B. Associated excretion of cations. (1) Sodium sulfate experiments. In the 
four experiments in which sodium sulfate alone was injected, the concentration 
of sodium in urine at first almost exactly equalled that of sulfate. In subsequent 
periods the concentration of sodium was usually a little lower than that of sulfate. 
In experiment 13 of table 1 potassium excretion increased sufficiently to maintain 
substantial equality in the sums of anions and of cations. The main associate of 
the sulfate was always sodium, however. 

In two of the three experiments in which mixtures of sodium sulfate and 
sodium chloride were given the quantitative parallelism between urinary sodium 
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Intravenous injection of hypertonic solution of sodium sulfate and sodium chloride, 

singly and in combination 
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51.5 


18.0 

54 

1 


S3 


4 





282 

309 

1 

164.5 



12.0: 

50 


S3 


5 

60 

2.83 



289 

365 

1 

158.0 

22.1 


5.1 

36 


55 


6 

65 

1.28 



259 

363 

2 

157.4 

17.6 


2.1 

23 

j 

32 


7 

125 




209 

293 

9 

155.3 

8.9 


1.4 

24 

1 

32 










139.2 

2.3 

105.9 





No. 7 

1 

42 

0.55 

1 


15 

16 

38 

j 



0.0 

4 

0.2 


24.7 kgm. A 

2 

39 

8.40 



188 

179 

1 

31 


29.3 






NaiSOj 103 mM. + 

3 

33 

5.94 



229 

206 

23 

163.5 

19.9 

1 

110.3 

8.1 

51 

1.3 


NaCl 103 mJI. 

4 

68 

2.18 



244 

289 

6 

164.2 

10.6 


3.2 

44 


78 


5 

1 

87 

1 

0.86 

1 



160 

293 

1 

4 

1 


6.5 

111.6 

0.8 

31 


57 










146.1 

2.3 

102.7 





No. S 






2 







7 



24.0 kgm. A 

2 

48 

9.80 



215 

151 

624 

189.8 

38.7 

118.9 





NmSOi 154 mM. + 

3 

54 

8.43 

i 


276 

221 

536 

1 

181.0 

23.2 

123.0 

12.6 

62 

3.7 

64 

NaCl 308 mM. 

4 

125 

3.56 



255 

251 

32 

175.6 

9.6 

125.7 

5.1 

GO 

0.9 

55 


5 

144 

0.92 



202 

232 

9 

177.0 

3.7 

129.7 

1.1 

30 

0.1 

53 


6 

1025 

0.75 



194 

31 

132 

144.4 

3.5 

113.2 






7 

1725 

0.57 



149 


137 

















144.8 


107.4 





No. 9 

1 

















25.4 kgm. A 

2 

45 

3.16 



173 


157 

167.8 


129.0 





NaCl 308 mM. 

3 

54 

1.76 



177 


150 

156.2 


1 

127.4 

1.9 

1 


2.1 

89 


4 

89 

1.19 



166 


155 

156.1 


124.2 

1.2 


1.5 

67 


5 

158 

1.23 



120 


138 

153.0 


121.6 

1.0 


1.4 

84 


6 

1084 

0.54 



65 


65 

149.2 


119.7 

0.2 


0.3 



7 

1440 

0.79 



100 


85 









* Letters refer to indh’idual animals. 

” Tlie total amount of salt given was dissolved in one liter, except in experiment 13, in which the volume of the 
infusion was two liters. 


t Infusions given during period 2, except as otherwise noted. 
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TABLE 1—Conchided 




CQXCEKTRATIOK, m.Eq. TER LITER 


EXPERIiTENT NO. 



o 5 









DOG '.VEIGDTt KCH* 
SALT GI^'EK‘ 


55 

m £ 



Urine 



Scrum 

a 

O 

53 










o 

5 

? 

K 

» 

5 B! 

Z w 

s** 

NH,t 

K+ 

Na+ 

SO,- 

Cl- 

Nat- 

SO,' 

Cl- 


p* 


p 









. 









141.: 

2. 

101.4 

No. 10 

1 

19 

0.11 

204 


27 

40 

11 




19.5 kgm. B 

2 

38 

14.17 

0 


230 

237 

24 

ITS. 2 

04. 

90.8 

Na;SO, 200 mif. 

3 

31 

7.53 

2 


297 

305 

13 

102.3 

52.' 

5 0G.3 


4 

57 

4.32 

49 


307 

391 

1 

100. E 

H 

101.3 


5 

121 

1.20 

13 


443 

554 

3 

149., 

7.f 

105.0 


0, 

150 

O.GS 

29 


407 

304 

7 

143.7 

3.( 

107.3 


7 

990 

0.20 

— 


125 

90 

25 




No. 11 









142.0 

2.C 

9S.4 

1 

71 

0.11 



91 

82 

191 



19.3 kgm. B 

2 

47 

14.10 



228 

238 

S7 




Na-SO, 137 mM. + 

3 

44 

7.27 



301 

{10 

III 

184.8 

20.4 

125. P 

NaCl 410 mR. 

4 

55 

2.47 



313 

170 

87 

170.2 

15.9 

120.3 



139 







174.0 

14.1 

130.7 


5 

0.99 



207 

254 

54 

172.0 

12. 8 

1174 

137.4 


<j 

0.39 



2S7 

49 

109 



7 

1320 

0.29 




35 

176 




No. 12 

1 

— 

- 



119 

0 

12U 




24.2 kgm. C 

2 

44 

3.60 



143 

0 

110{ 

142.5 

2.3 

92.15 

I'faBr 154 mXf. before 
period 1 

3 

53 

8.72 



206 

278 

lOJ 

13S.0 

2.3 

87.35 

NajSO, 200 mil. during 
period 3 

4 

63 

5.97 



326 

338 

77 

174.0 

51.4 

73. 5§ 










150.2 

29.1 

83.91 

No. 13 

2S.0 kgm. D 

1 

2 

24 

36 

0.29 

5.75 

4 

34 

157 

301 

58 

331 


145.0 

— 


NasSO, 309 mil. 

3 

40 

13.30 

1 

35 

312 

337 


187.7 

90.0 



4 

03 

0.90 

1 

41 

335 

401 


171.2 

54.8 



5 

92 

2.96 

11 

40 

34S 

417 


157.7 

28.5 



0 

SO 

1.34 

13 

62 

381 

434 


151.7 

15.5 


- . 1 




— 





152.3 

8.0 

1 


CLEARAXCE, CC. PER 
UIKCTE 


Na* 


o.oj 

13.2 

10.0 

3.4 

).» 


0.0 

12.0 

4.4 

1.5 


SO,- 


ci- 


3.7 


12.0 


0.0 

1.1 

0.0 

0.0 

0.0 


5S 

S4 

CO 

40 


0.0 

G.4 

l.C 

0.4 


SO 


0.3 


6.7 

3.3 


4.4 

1.1 

0.6 


71 

50 

C2 


75 

Ci 

57 


120 

117 

SS 

02 


Si concentrations 16.1, 10.0, 10.1, and 14 5 mVr no; «ieso four periods. 

14.5 mai per liter scrum respectively in thefee four samples 

f l). Ini«a„r the soCiun, 

UP the hiffereaee. la ...caeM 


Creatinine 
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suppressed, and sodium and sulfate concentrations are nearly equal. In the 
exceptional experiment (no. 11) chloride excretion continues in considerable 
amounts during and for some time after the infusion. The sum of chloride and 
sulfate concentrations first exceeds and then falls somewhat below that of sodium. 

(2) Potassium sulfate experiments. In the two potassium sulfate experiments 
the rate of excretion of potassium falls much below that of sulfate. In experi- 
ment 15 of table 2 the difference is evidently almost exactly made up by the 
sodium, the excretion rate of which is considerably above normal. 


TABLE 2 

Intravenous injection of isotonic 'potassium sulfate solution 




DURA- 

TION, 

MIN- 

URINE 
FLOW, 
CC. PER 

CONCENTRATION, 

m.Eq. MI! MTEK 

CLEAR.ANCE, CC. PER 

EXPERIMENT NO. 

DOG WEIGHT, KGM. 

SALT GIVEN, IIlM. 

PER- 

IOD* 

Urine ^ 

j Serum 


MINUTE 


UTES 

MINUTE 

Na+ 

K+ 

so,- 

Cl- 

K+ 

SO7 


SO7 

Crea- 

tinine 






■ 




4.3 

2.3 

2 

6 


No. 14 

1 

32 

0.19 


42 

68 

11 






25.2 kgm. 

2 

75 

2.61 

■ 

82 

219 

8 

7.9 

11.7 




KiSO^ 51 mlVI. 

3 

72 

0.94 

■ 

188 

269 

1 

6.3 

7.4 

26 

28 

80 


4 

52 

0.40 


138 

220 

5 

6.5 

7.0 

9 

12 

46 


5 

144 

0.29 

1 

145 

214 

24 

7.4 

6.0 

6 

10 

44 

1 









5.5 

2.7 




No. 15 

1 

21 

0.38 

90 

62 

60 

74 






16.0 kgm. 

2 

49 

2.08 

118 

128 

242 

7 

8.1 

9.4 



' 

KeSO, 25.5 mM. 

3 

59 

0.98 

125 

165 

280 

3 

8.6 

4.6 

19 

37 

76 


4 

89 

0.39 

75 

165 

223 

6 

6.7 

2.9 

8 

24 

70 


■ 5 

45 

0.33 

58 

177 

1 

132 

6 

6.3 

2.9 

9 

15 

63 


* Salt solution injected during period 2. 


(3) Magnesium sulfate experiments. In the five magnesium sulfate experi- 
ments (table 3) there is a close parallelism between sulfate and magnesium in 
the urine, but the magnesium concentration is always distinctly less than that of 
sulfate. Chemical analj^ses for other cations and anions were not done. 

C. Associated excretion of anions. (1) Effects of sulfate on chloride excretion. 
The injection of sodium or of potassium sulfate evidently virtually abolished the 
normal excretion of chloride for some time (table 1, expts. 6 and 10, table 2, 
expts. 14 and 15). A similar inhibition is however present even when sodium 
chloride is injected simultaneously with the sodium sulfate (table 1, expts. 7, 8 







TABLE 3 


Iniravcnous injection of isotonic 7nagncsi'um sulfate sohition 


EXPERIMENT NO. 

DOG WEIGHT, KGM. 

SALT GIVEN, m^I. 

1 

DURA- 

TION, 

minutes 

URINE 
PLOW, 
CC. PER 
MINUTE 

CONCENTRATION, : 

m.Eq. PER JJTER 

CLEARANCE, CC. PER 
tlimjTE 

Urine 

Scrum 


m 





Cre.Tli- 

ninc 



1 




1.9 

2.8 




No. 1 

1 

24 

0.42 

9 

10 ! 



2 

2 


17.4 kgm. 

2 

24 

3.50 

122 

171 






1 






15.2 

14.5 




MgS04 27.7 mM. 

3 

33 

1.60 

168 

232 



23 

34 

56 







9.2 

9.0 





4 

46 

1.50 

130 

179 



24 

30 

04 


1 

1 





6.8 

6.4 




No. 2 

1 

38 

wi 

6 

11 

1.4 

3.4 

1 

0 



2 

32 


334 

464 












14.2 

15.8 




18.8 kgm. 

3 

40 

1.20 

199 

284 



20 

27 

46 







11.1 

10.9 




MgSOi 24.8 mM. 

4 

60 

1.30 

140 

190 



22 

27 

49 







6.0 

7.5 





5 

1024 

0.40 

11 

57 












1.2 

3.0 




No. 3 

1 

52 

0.29 

7 

23 



2 

2 


11.7 kgm. 

2 

24 

1.40 

163 

217 












13.7 

13.5 




MgSOi 18.0 mM. 

3 

71 

0.49 

307 

385 



15 

21 

42 

' 






7.4 

6.8 





4 

71 

0.27 

260 

338 



12 

16 

41 







4.9 

4.6 





5 

96 

0.28 

138 

185 



10 

13 

39 







3.3 

3.7 










1.8 

2.6 




No. 4 

1 

25 

0.40 

7 

14 






30.3 kgm. 

2 

35 

1.10 

211 

368 

1 

1 





MgS 04 38.5 m]\4. 

3 

48 

1.40 

164 

270 

13.7 

! 

12.7 

i 

20 

36 

53 







9.6 

8.6 





4 

100 

0.97 

140 

206 



16 

29 

38 







7.5 

5.5 


1 

1 

1 

No. 5 

1 

19 

0.11 


6 

1.4 

i 

3.1 



- 

18.9 kgm. 

2 

35 

1.70 

160 

185 




0 


MgS 04 25.3 mM. 

3 

145 

0.72 

226 

311 

12.1 

13.4 

17 

21 

46 







8.0 

8.3 





4 

68 

0.41 

193 

222 



12 

13 

33 







6.0 

6.1 





5 

1085 

0.35 

192 

241 



13 

15 

36 

♦ .QoU . 

— 





4.6 

5.0 





* Salt solution injected during period 2. 
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and 11). In these experiments chloride excretion diminishes to virtually nil in 
spite of a progressive elevation of the chloride concentration in seiaiin and the 
presence of an excess of sodium chloride in the body requiring excretion. Ex- 
periment 9 proves that this inhibition of chloride excretion is related to the 
simultaneous presence of sulfate, since injection of sodium chloride alone is 
followed by an increased and approximately parallel excretion of both sodium 
and of chloride. 

(2) Effects of anions on sulfate excretion. In figure 1 urinary excretion of 
sulfate in three separate experiments using the same animal is compared wth 
its sei-um concentration in three separate experiments (6, 7 and 8 of table 1). 
(These three experiments are represented by solid lines.) The line furthest to 
the right (6) represents the excretion after the injection of sodium sulfate alone, 
the middle line (7) the excretion after injection of a mixture of two parts of 
sodium sulfate and three parts sodium chloride, while the line furthest to the 
left (8) represents the excretion after an infusion of a mixture of two parts of 
sodium sulfate and four parts of sodium chloride. The greater the proportion 
of sodium chloride given, the greater the excretion rate of sulfate corresponding 
to any given serum concentration. In other words, increasing the proportion 
of chloride in the infusion increased the clearance of sulfate. This appears to 
be a clear effect of an associated anion upon sulfate excretion. 

D. Relation of sulfate excretion to glomerular filtration rate. In figure 3 
creatinine 'clearance is plotted against simultaneous sulfate clearance for each 
experiment. A certain general parallelism is evident, but the dispersion of the 
points is considerable. In figure 4 the ratio of sulfate to simultaneous creatinine 
clearance is plotted against seium sulfate. No definite relationship is found. 
This means that the proportion of filtered sulfate rvhich is reabsorbed bj'^ the 
tubules is not necessarily greater at high than at low concentrations of sulfate. 
This is at variance vdth the findings of Goudsmit, Power and Bollman (6) ; pos- 
sible reasons for the differing result will be discussed elsewhere. It has been 
noted above that in figure 1 the lines relating serum concentration to urinary 
excretion appear straight, although glomerular filtration varied considerably in 
each experiment. This suggests that under these particular conditions excretion 
rate was but little affected by variation in glomerular filti’ation. 


Fig. 1. Relationship between sulfate excretion rate and concentration of sulfate in serum 
following the injection of sodium sulfate alone and in combination with sodium cliloride 
Numbers refer to individual experiments of table 1 . The solid lines represent three experi- 
ments on the same animal, in which differing proportions of sodium chloride to sodium sul- 
fate m the infusion were employed. Other experiments are represented by broken lines. 

Fig; 2. Relationship between sulfate e.xcretion and concentration of sulfate in serum 
following the injection of magnesium sulfate and of potassium sulfate. 

Fig. 3. Relationship between sulfate clearance and creatinine clearance. 

Fig 4. Relationship between the ratio of sulfate to creatinine clearance and the con- 
centxation of sulfate in serum. 

Fig. 5. Relationship between sodium excretion rate and the concentration of sodium in 
serum. Numbers refer to individual experiments of table 1. 
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Discussion. The excretion rate of sulfate evidently depends in part upon its 
serum concentration. This observation is consistent with that of others (6, 8). 
The straight lines relating serum concentration and excretion rate do not, how- 
ever, pass through the origin (figs. 1, 2). Algebraically the equation of any 
such lines is of the form 

(1) UV = k{S - a), or k = 

o — a 

where UV is the excretion rate, S the serum concentration, k the slope of the 
line, and a the distance from the origin to the point of intersection of the abscissa. 
If this equation were to characterize completely the excretion of sulfate, excre- 
tion should cease whenever the concentration in serum declines to the value a. 
Thus a in each experiment would be an apparent “renal threshold” for sulfate 
excretion. Such is, however, not the case. Even in those e.xperiments in which 
the value of a approximates that of the endogenous serum sulfate concentration, 
the equation fails to characterize sulfate excretion properly, since, in point of 
fact, the excretion of sulfate does continue, though at a much slower rate, at 
usual endogenous serum concentrations. Indeed sulfate was long ago classified 
as a “non-threshold” substance since almost no urine is completely free of sulfate 
(13). Even less adequate is the characterization in those experiments (table 1:6, 
7 and 8) in which the extrapolated lines intersect the abscissa well above the 
usual endogenous concentration. In fact, a line representing the whole of the 
experimental data must consist of two parts. The first, valid at elevated serum 
concentrations, is represented by equation (1). At low concentratipns this 
straight line is replaced by another curve having a much less acute slope. Our 
data are not adequate to determine whether or not this second portion is exactly 
a straight line, or whether its junction -with the first portion is curved or abrupt. 
It seems clear, however, that excretion of sulfate is a different function of the 
semm concentration when it is artificially raised to a high concentration than it 
is when it lies within the usual range of physiological variation. 

Because the lines representing exogenous excretion do not pass through the 
origin, it is mathematically self-evident that the clearance of sulfate will depend 
on serum concentration. This may best be seen by calculating the clearance 
from equation (1): 

(2) Clearance = = A: 

The clearance will evidentlj’- be greater the higher the serum concentration. In 
this respect the clearance of sulfate differs entirely from those of the organic 
filterable group, whose representative lines do pass through the origin and whose 
clearances are therefore independent of senim concentration. In those instances 
in which the value of a corresponds to the usual endogenous concentration of 
sulfate, the excretion of sulfate is simply proportional to the increase in concentra- 
tion of sulfate in serum (equation (1)). Unfortunately this simple generaliza- 
tion does not hold under all circumstances. 
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Whole salts rather than individual ions arc excreted, since total anion and total 
cation concentration are ahvays nearly equal. As a necessary consequence of 
this interdependence of anion and cation the renal excretion rates of both cannot - 
be dependent solely on their respective concentrations in senim. Experiments 
7 and 8 of table 1, in which a mixture of sodium sulfate and of sodium cliloride 
was injected, furnish an excellent example of this principle. In tlic first two 
periods after injection equal amounts of sodium and of sulfate were excreted 
in the urine; yet during these same periods the seram concentration of sulfate 
had varied several fold while that of sodium had changed by only a fraction of its 
total value. Excretion of sulfate corresponds fairly closely to its concentration 
in serum, while at the same time the excretion of sodium is dissociated from its 
sei-um concentration. Its real detemrinant appears to be the concentration 
of sulfate in the urine, enough sodium being excreted to neutralize the sulfate, 
more or less without regard to its concentration in serum. At least this is the 
way that the relationship appears. Possibly, if sodium of seiiim could be in- 
creased as much proportionally as is sulfate, this apparent dependence of sodium 
on sulfate excretion might disappear. This possibility is unfortunately incapable 
of experimental verification. 

There is in fact a linear relationship between excretion rate and sennn concen- 
tration for sodium as well as for sulfate in these experiments. This is shown in 
figure 5. The lines folloiving injections of mixtures of sodium chloride and 
sodium sulfate at first have a very steep slope, then break sharplj’’ wliile the 
serum concentration is still much elevated. Excretion rate of sodium is there- 
after much reduced. Reference to the protocols (table 1) shows the meaning of 
this. Sodium is excreted very rapidly as sodium sidfate until nearly all the 
injected sulfate has been eliminated, and then is excreted much more slowly as 
sodium chloride until the added chloride has been eliminated. In other words, 
sodium is excreted by different laws depending on the associated anion. A pas- 
sive role of sodium, at least under these circumstances, is again suggested. Al- 
though excretion of sodium is functionallj'- related to its concentration in serum, 
a calculation of sodium clearances alone in these expeiuments would not clarify 
the real physiological situation. 

The “extra” excretion of sodium after potassium sulfate infusion presents a 
somewhat more complex problem. This excessive excretion of sodium occurs 
after ingestion or injection of all potassium salts. Indeed advantage has been 
taken of this effect in the use of potassium salts as diuretics (9). It is possible 
that both potassium and sulfate are individually excreted, each according to its 
ouTi law. Since this would result in an inequality between cation and anion con- 
centiation in urine, enough sodium is excreted to preserve electroneutrality. 
Certainly it is true that, folloiving the injection of various potassium salts, potas- 
sium excretion, like sulfate excretion, is closely related' to seram potassium con- 
centration and is relatively little affected by the associated anion. 

It is not clear whether the increased excretion of potassium after hypertonic 
sodium sulfate infusions (table 1, expt. 13) represents a similar sort of response 
since we have failed to discover any characteristic law of sodium excretion which 
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would prevent an excretion of sufficient sodiuna to balance all the sulfate. This 
particular effect seems to be one expression of a general t3'-pe of reaction of the 
organism to anj'- urgent need for water in the excretion of salts. For example, 
increased excretion of potassium may also be produced b3^ the injection or in- 
gestion of h3'pertonic sodium chloride solutions ( 2 , 3 , 4 ). A similar excessive 
renal excretion of potassium may be produced by severe chronic water depriva- 
tion, avithout the injection of an3'’ salt ( 3 ). On the other hand, little or no 
increase in potassium excretion is brought about b3’’ the injection of isotonic so- 
dium chloride ( 15 ). The loss of potassium is frequentl3’' associated vith the 
development of h3'’pertonicity in the extracellular fluids, but it is not clear that 
this is an invariable accompaniment. It ma3’- be pointed out that both the de- 
velopment of extracellular hypertonicit3'- and the loss of potassium have one 
effect in common. The3f both release intracellular fluid for extracellular dis- 
tribution. The final effect of both reactions is to diminish the degree to which 
extracellular fluid contracts. A certain protection to the circulation is thereb3^ 
pro^dded. Loss of potassium may, therefore, be not wholl3’- -without value to 
the organism. 

In the magnesium sulfate experiments both magnesium and sulfate, though 
originally provided in equimolecular quantities, and distributing themselves 
through the same compartment of bod3’- fluid, obe3’- their separate lawB of excre- 
tion consistentl3’- in all five experiments. The characteristic clearances of mag- 
nesium are always rcgularl3’- a little below^ those of sulfate. Presumabl3’’ the ex- 
cretion of a small amount of some other cation w^as stimulated, in order to ensure 
continuous electroneutralit3’- of urine. Unfortunatel3'' no anal3’'tical data bearing 
on this point are available. 

The presence of sulfate greatl3'- modifies the excretion of chloride, wLile the 
effect of chloride on sulfate excretion is not quantitatively so great. Indeed the 
latter is onl3'- important in that it establishes the principle that the characteristic 
mode of excretion of sulfate is modified b3'^ other associated anions. The inhibi- 
tion of sodium chloride excretion b3'- the simultaneous excretion of sodium sulfate 
is a much more striking phenomenon, since the usual relation between seram con- 
centration and urinary excretion is exactly reversed. A great excess of sodium 
chloride aw'aits excretion and the seram chloride concentration is alread3'- ele- 
vated ; 3'^et the excretion rate of chloride progressivel3’- declines and the concentra- 
tion of chloride in seram rises still further. To use an older terminology, chloride 
slightly decreases the “renal threshold” for sulfate, wdiile sulfate greatly increases 
the “threshold” for chloride. This is purely a temporaiy phenomenon. As 
soon as the sulfate has been eliminated the sodium chloride is excreted in its usual 
fashion. In effect, the native salt, sodium chloride, is retained until the foreign 
salt, sodium sulfate, is preferentially almost completel3'- eliminated. This em- 
phasizes in 3’^et another w'a3^ the peculiar status of both sodium and of chloride. 
Changes in the serum concentrations of both appear to be the results rather than 
the causes of the changes in their respective urinary excretions. In these experi- 
ments excretion of each of these ions is throughout exactly conditioned to peiinit 



renal excretion op sulfate 


CG9 


the elimination of the sulfate as rapidly as possible, without regard to .their 

concentrations in seimm. . ^ i i i 

The discrepancy between our results and those of Goudsmit (G) has already 
been mentioned. He found that at high concentrations of sulfate in serum the 
sulfate clearance became nearly equal to the creatinine clearance. We, on the 
other hand, found at similar high serum levels a very irre^dar relation between 
creatinine clearance and sulfate clearance (fig. 4). Sometimes they weie neaily 
equal, sometimes not. No consistent tendency to approach one another with 
I’ising concentration, such as Goudsmit found, was present. His experiments 
meant that the rate of tubular rcalrsorption of .sulfate did not keep ])acc with the 
greater amount filtered through the glomcimli at high concentrations. In many 
of our experiments, on the other hand, the rate of rcabsorption increased pori 
passu vdth glomerular filtration. Nowhere was there any evidence of a maximal 
rate of reabsorption of sulfate, such as was suggested by his experimenhs. A 
possible explanation may be found in the way the trvo groups of experiments 
were conducted. Goudsmit regularly gave his animals a large amount of saline 
by stomach tube an hour or so before the experiment, in ordei- to provoke a pro- 
fuse diuresis. We have already seen in our experiments that administration of 
sodium chloride along with the sulfate increases the clearance of sulfate and 
diminishes its tubular reabsorption. It seems entirely likely that a similar effect 
of sodium chloride was active in Goudsmit’s experiments. Certainly in the 
single experiment of ours (table 1, expt. 12) in which sodium bromide was 
injected prior to the experiment, the subsequent .sulfate clearance closelj’’ ap- 
proached that of creatinine. 

The veiy rough relationship between creatinine and sulfate clearances (fig. 3) 
indicates that glomerular filtration is only one of several determinants of sulfate 
clearance. Of course these were all normal animals ; were subjects with impaired 
glomerular filtration included, the relationship might well have been more strik- 
ing. ' It has been noted that many of the lines representing sulfate excretion are 
straight, in spite of markedly varjdng glomenilar filtration. This would seem 
to mean that, irrespective of the amount delivered to them in the glomenilar 
filtrate, the tubules leave in the urine an amount proportional to the increase in 
serum concentration (S ~ a). This relationship may of course well .lie 
fortuitous, due to the particular way in rvhich these experiments were conducted. 

There is much evidence that the kidney is in some way limited in its ability 
to produce a h5^pertonic urine (5, 13). Nothing in these experiments, horvever, 
.suggests that this apparent osmotic limitation in any way conditioned the ex- 
cretion of ions. Only moderately hypertonic solutions were -used, so that con- 
siderable water was always available for excretion. Enough water was taken 
from the infusion itself and from the body store to keep the concentration of 
salts in the urine well ivithin the normal range. The highest total osmolar con- 
centration in urine did not usually coincide ivith the maximal excretion rate of 
salt immediately after infusion, but appeared later, after the excretion had de-' 
dined more nearly toward normal. This seems good evidence against total 
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osmotic limitation of excretion, since if this were the limiting factor one would 
expect the urines of several periods after infusion to have the same “maximal” 
total osmolar concentration. 

SUMMARY AND CONCLUSIONS 

1. The excretion of sulfate and of other anions and cations following intra- 
venous infusions of various sulfates in the dog has been studied. 

2. Injected sulfate is excreted according to a different law than endogenous 
sulfate. 

3. At high concentrations of sulfate in serum, sulfate excretion is in part a 
function of serum concentration, and at times is nearl}’- proportional to the 
increase in concentration. 

4. Sulfate clearance varies systematically vdth serum concentration, increasing 
as the serum concentration rises. 

5. Sulfate excretion is in the main independent of the associated cation. 

6. Sulfate excretion is somewhat increased by the simultaneous injection of 
sodium chloride. 

7. Chloride excretion is almost completely repressed by sulfate excretion, even 
when a large sodium chloride infusion is given simultaneously ■with the sulfate 
infusion. 

8. The extent to which ions may be excreted according to their o-wn char- 
acteristic laws and the means by which electroneutrality of urine is maintained 
are discussed in the light of these experiments. 

REFERENCES 

(1) Cope, C. L. Biochem. J. 26: 1183, 1931. 

(2) Darro'W, D. C. and H. Yannet. J. Clin. Investigation 16: 419, 1936. 

(3) Elkinton, j. R., Jr. and M. Taffel. J. Clin. Investigation: in press. 

(4) Gamble, J. Chemical anatomy, physiology and pathology of extracellular fluid. 

Chart 34. Department of Pediatrics, Harvard Medical School, Boston. 3rd 
ed., 1941. 

(5) Gilman, A. and N. E. Kidd. This Journal 123: P77, 1938. 

(6) Goudsmit, A., Jr., M. H. Po’WER and J. L. Bollman. This Journal 126:506, 1939. 

(7) Hald, P. M. j. Biol. Chem. 103: 471, 1933. 

(8) Hayman, J. M., Jr. AND S. M. Johnston. J. Clin. Investigation 11: 607, 1932. 

(9) Keith, N. M. and M. W. Binger. J. A. M. A. 106: 1584, 1935. 

(10) Peters, J. P. and D. D. Van Slyke. Quantitative clinical chemistry. Volume II, 

Methods. Baltimore, 1932. 

(11) Shannon, J. A. This Journal 112; 405, 1935. 

(12) Shannon, J. A. This Journal 114: 362, 1936. 

(13) Smith, H. W. The physiology of the kidney. New York, 1937. 

(14) Smith, P. K., A. W. Winkler and B. M. Schwartz. J. Biol. Chem. 129; 51, 1939. 

(15) Stewart, J. D. and G. M. Rourke. J. Clin. Investigation 21: 197, 1942. 

(10) V iNKLER, A. W. AND J. Parra. J. Clin. Investigation 16: 859, 1937. 



THE ROLE OF THE ANTERIOR PITUITARY IN THE MAINTENANCE 
OF NORMAL BLOOD SUGAR LEVEI^ AND IN THE PHYSIO- 
LOGICAL MOBILIZATION OF LIVER GLYCOGEN^ 


R. C. DE BODO, H. I. BLOCH and I. SLATER 
From the Department of Pharmacology, New York University College of Medicine 

Received for publication Julj' 0, 1942 


In an earlier paper it has been sho\\-n that the intravenous infusion of adren- 
aline pi'oduces only a very slight rise in blood sugar in hypophj''secton'iized dogs 
in contrast to the marked hjiierglycemia it produces in normals. This phe- 
nomenon cannot be explained on the basis of inadequate liver glycogen stores, 
since some of our hj^jophysectomized dogs had liver gl^mogen stores within 
normal limits, others had smaller stores, but all had amounts of liver glycogen 
which, if present in normal dogs, would have been sufficient to have produced 
a marked hyperglycemia (de Bodo, Bloch and Gross, 1942). On the basis of 
these earlier experiments it was concluded that in the absence of the anterior 
pituitary there is an impairment in the mobilization of liver glycogen by infused 
adrenaline. 

With this conclusion in mind the question arose as to whether the liver 
glycogen of hypophj^sectomized dogs is also resistant 1, to adrenaline secreted 
under phj^siological conditions, and 2, to other glycogenolytic agents which may 
function under phj’-siological conditions. If mobilization in response to these 
agents is also impaired by h 3 qroph 3 ’'sectomy, then low post-absorptir'C blood 
sugar values should be found coexisting Mth adequate liver gl 3 'Cogen stores in 
hypophJ^sectomized dogs. 

The literature dealing vith the post-absorptive blood sugar levels of hj^- 
poph 3 ^sectomized animals is contradictory. Some investigators have reported 
values lower than those found in normal animals, others have found no change 
in post-absorptive blood sugar levels after hypophj^sectomy. This literature 
is thoroughly reviewed by Houssay (1935) and by Van Dj^ke (1936, 1939). 
All investigators are agreed that hypophj^sectomized animals develop hypo- 
glj'cemia after fasting, and have a tendency to go spontaneouslj’- from an appar- 
ently normal state into hjq)oglycemic shock. However, all these workers have 
made only random observations of the post-absorptive blood sugar levels of 
hypophysectomized animals, but have not followed them daily from the time 
of the hypophysectomj’’. In view of these facts we have made a s^'^stematic 
study of the effect of hypophysectomy on the post-absorptive blood sugar levels 
and on the liver glycogen contents of a series of dogs. 

Methobs. Dogs were used exclusively in this study. Hjqjophysectomy was 
performed by the oral approach (except when otherwise specified) and the 
pituitary gland removed in one piece, which included the pars distalis, pare 

^ This study was aided by a grant (to R. C. de Bodo) from the American Philosophical 
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intermedia, pars neiAmsa, and pars tuberalis. (For further details see de Bodo 
et ah, 1942.) The animals were maintained on a constant diet for two weeks 
prior to hj'^pophysectomy and throughout the period of observation folio-wing 
hypophysectomy. In every case it was ascertained that the allotted ration 
was consumed and retained. 

Post-absorptive blood sugar levels (17 hrs. after the last feeding) were deter- 
mined prior to hypophysectomy and almost daily thereafter (except when 
othervdse specified). In addition, in certain instances blood sugar samples were 
dravm 24 hours after the last feeding. Immediately prior to the termination of 
each experiment by the sacrifice of the animal, liver samples for glj^cogen deter- 
mination were excised under local anesthesia. The blood samples were drawn 
vdthout the use of any anesthesia. Blood sugar determinations were made by 
the Hagedorn- Jensen method (1923), using the Somogyi (1930) acid-zinc fil- 
trate. Liver glycogen deteiminations were made by a modified Pfliiger method 
(Bodo and Neuwth, 1933). 

At autopsj'- the organs were fixed in formalin and after 24 hours in the fixa- 
tive the weights of the endocrine glands were deteimined, vith special attention 
to the adrenals, pancreases, and gonads. Histological studies were made of 
sections of a block including the body of the sphenoid bone, the fibrous tissue 
occupying the sella turcica, and the overlying brain tissue in each animal. In 
addition histological studies were made of the organs of each animal, with special 
attention to the th 3 U’oids, adrenals, gonads, and pancreas, as well as to the 
removed pituitarj^ gland. These histological studies were made bj’’ Dr. David 
IMarine, Director of the Laboratories of Montefiore Hospital, New York City.® 

Results. In figures 1 to 7 we have presented graphically the da 3 '’-to-day 
variations observed in the post-absorptive blood sugar levels of seven lij’-pophy- 


, Figs. 1-7. Blood sugar changes in 7 dogs during the period following lwpoph3"sectoniy, 
with liver gly^cogen values found at the termination of each experiment. The numbers on 
the abscissae represent days after hypophysectomy. The numbers on the ordinates to the 
left of each curve represent blood sugar in milligrams per cent. The numbers on the 
ordinates to the right of each curve represent the liver glycogen in per cent. The encircled 
dots represent post-absorptive (17 hrs. after last meal) blood sugar values before hypo- 
phj'sectomy. The simple dots represent post-absorptive (17 hrs. after last meal) blood 
sugar values after hypophysectomy. The solid triangles represent blood sugar values 24 
hours after last meal. The solid vertical columns represent liver glycogen values. The 
hatched' areas represent range of post-absorptive (17 hrs. after last meal) blood sugar 
concentration of 18 normal dogs maintained for a period of weeks on the same diet as the 
hj-pophysectomized dogs. 

Fig. 8. Fluctnations in post-absorptive blood sugar values of 6 normal dogs during a 
period of three weeks. The numbers on the abscissa represent days of the experiment. 
The numbers on the ordinate represent blood sugar in milligrams per cent. Each of the 
SIX sj-mbols used in this figure represents the post-absorptive (17 hrs. after last meal) 
blood sugar values of one normal dog. Note that the fluctuations in the values for each 
dog do not exceed 10 mgm. per cent. 


- A detailed report of the histological studies is now in preparation and will be published 
in the near future, together with an analysis of the changes in weight of the endocrine 
organs and their significance. 
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sectomized dogs. It can be seen that in the first two post-operative days 
a sharp decrease in the post-absorptive blood sugar value is apparent, except 
in the case of dog Hll. This dog was the only one of those observed v.'hich had a 
higher post-absorptive blood sugar concentration the day after hj'-pophysectomy. 
HoAvever, it should be noted that shortly thereafter the blood sugar concentra- 
tion fell to below its j^reoperative level and continued to fall from then on. 

During the weeks of observation followng the hypophysectomy the post- 
absorptive blood sugar concentrations of each of these seven dogs fluctuated 
from day to day but were alwaj'^s at levels substantially lower than those main- 
tained before hypophysectomjL The hatched area in each figure represents 
the range of post-absorptive blood sugar concentration (79-93 mgm. per cent) 
of 18 noiTual dogs maintained for a period of weeks on the same constant' diet 
as that fed to the hypophysectomized dogs. 

A glance at the seven curves (figs. 1-7) reveals the strildng range of the 
fluctuations in post-absorptive blood sugar values in the hypophysectomized 
dogs during the period of observation. In figure 8 the post-absorptive blood 
sugar concentrations of 6 normal dogs studied for a period of three weeks are 
given. As can be seen the fluctuations in the post-absorptive blood sugar values 
of each individual dog did not exceed 10 mgm. per cent, whereas among the 
hypophysectomized dogs the most limited range seen was that of dog S9 
(56-71 mgm. per cent = 15 mgm. per cent, even disregarding the blood sugar 
value of 78 mgm. per cent on the first post-operative day). In the other hy- 
pophj'^sectomized dogs the ranges in milligrams per cent were 26, 23, 39, 38, 
42 and 33. 

The experiments on dogs Hll, H12, and H13 were teiminated when their 
blood sugar concentrations fell to 33 to 38 mgm. per cent, at which time these 
dogs refused to eat voluntarilj’’ and vomited the food fed by stomach tube. 
With blood sugar values of 32 to 33 mgm. per cent Hll was unable to walk, 
H12 showed Hritches, and H13 was ataxic. None of these dogs showed actual 
commlsions or coma. No attempt was made to raise the blood sugar level of 
these dogs either by sugar infusion or by the administration of adrenal cortical 
extract. Liver samples were taken, under local anesthesia, for glycogen deter- 
minations, and the animals were then sacrificed. The experiment on dog H14 
was teiminated by the death of the animal. The blood sugar concentration 
fell to 38 mgm. per cent, the animal was ataxic, vomited the food fed by stomach 
tube, and was found dead the following morning. Thus, due to the autolysis 
that set in, it was impossible to obtain valid liver glycogen values or to make 
adequate histological studies of the sella turcica or organs of this animal. 

The experiments on dogs H7, H9 and HIO were teiminated while their post- 
absorptive blood sugar concentrations, although markedly lower than those 
found in normal animals, were still considerabl 3 '^ higher than those found in 
dogs Hll, Hl2, Hl3, and H14 at the time the}'’ were .sacrificed. The symptoms 
obseiwed in these latter dogs when their blood sugar concentrations fell to 33 
to 38 mgm. per cent were never .seen in dogs H7, H9, and HlO. 

Dog Hll showed the most abrupt and steady fall in post-absorptive blood 
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sugar level In tlie weeks following hypophysectomy. Paradoxically, this is the 
only animal of those presented here which had in one section of the sella turcica 
some blurred cells which might have been anterior pituitary cells. ^ Also the 
interstitial cells of the gonads of tliis dog showed some signs of activity, and 
the adrenal cortices were not as atrophic as those of some of the other animals. 
In all the other dogs Ihstological examination established the complete absence 
of all pituitary tissue. 

Ail these dogs had very small adrenal glands which showed the cortical 
atrophy characteristic of total hypophysectomy (do Bodo and hlarine), although 
the degree to which the atrophic changes had progressed varied somewhat from 
animal to animal. No correlation could be detected between the rapidity and 
constancy wth which the post-absorptive blood sugar level fell and the degree 
of adrenal cortical atrophy. For example, dog HIO showed a much greater 
atrophy than did dog H13 or dog HU, although its blood sugar concentra- 
tion never fell as low. 

T.tBLE 1 


Simultaneously determined blood sugar and liver glycogen values of hypophyscctomiscd dogs 


DOG NDMBETl 

ElOOD S\JG \R* 

Ln'EH GLVeOGEN 

DOG NOMtlER 

BLOOD SUGAR* 

LIVER GLYCOGEN 


tnsi” % 

G.% 


insm.% 

G .% 

H5 

54 

4.42 


34 

2.04 

H6 

54 

4.02 


51 

1.05 

H7 

52 

3.95 

Hll 

3S 

1.22 

H8 

53 

2.86 

H12 

33 

0.94 

H15 

45 

2.86 

H13 

33 

0.9S 

Hg 

59 

2.05 





* Postabsorptive value. 


Of the four dogs which showed the extremely low blood sugar concentrations 
of 33 to 38 mgm. per cent, three (H12, Hl3, H14) had been given insulin (0.025 
U/ldlo intravenously) on two previous occasions. Dog HU had never been given 
insulin. The other three of the hjrpophysectomized dogs studied (H7, H9, 
HlO) were never given insulin. On the basis of this and many other e.xpeii- 
ments on hypophysectomized dogs not included here, we believe that insulin 
administration may be one factor which increases the tendency to “spontaneous” 
h3rpoglycemic crises in the hypophysectomized animal, even though the animal 
recovers from the immediate effects of the diTig after the intravenous adminis- 
tration of sugar. In other words, though the dog may be brought out of the 
insulin coma by intravenous glucose and may then appear well, resume activity 
and eat voluntarily, still a few days after insulin the animal shows a more 
pronounced tendency to hypoglycemic crises than do hypoplij^sectomized dogs 
which have never been given insulin. 

The amounts of glycogen contained in the livers of these hypophysectomized 
dogs at the tune rvhen the last blood sample was drawn for glucose determination 
are sho^vn m figures 1 to 6 and in table 1. We have also included in table 1 
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the results obtained on 5 dogs, hypophysectomized by the temporal approach, 
whose blood sugar values were not determined daily. Their blood sugar was 
detennined on several occasions, including of course a determination made 
immediately prior to the excision of the liver samples for glycogen detennina- 
tion. These animals were not 100 per cent total hypophj'^sectomies, in that 
the histological examination revealed small remnants of anterior pituitar}’' tissue 
in their sellae turcicae. However, since these hypophyseal remnants were not 
functionally adequate to prevent the atrophic changes in the adrenal cortices, 
thyroids, and gonads characteristic of our totally h 3 ’-pophysectomized animals, 
and since these dogs reacted to insulin and to fasting exactly as did the histo- 
logically 100 per cent h 3 '^poph 3 '-sectomized animals, we regard these dogs as 
functionally h 3 qDophysectomized. 

Considering the figures in table 1 it can be seen that in h 3 ’-pophysectomized 
dogs a liver gl 3 '^cogen concentration of approximate^’^ 4 per cent can coexist v’ith 
a post-absorptive blood sugar of 52 to 54 mgm. per cent (dogs H5, H6, H7). 
This amount of liver gtycogen is vithin the normal range, but in a nonnal dog 
it would never coexist mth such a low blood sugar concentration. Normal 
dogs vith liver glycogen stores in this range have blood sugar values of 79 to 
93 mgm. per cent (average 84 mgm. per cent) (de Bodo et ah, 1942), about 30 
mgm. per cent greater than those found in these hypoph 3 ’-sectomized dogs. Not 
eveiy h 3 ’pophysectomized dog with post-absorptive blood sugar values of ap- 
proximately 50 mgm. per cent had as much as 4 per cent liver gtycogen. As can 
be seen in table 1, some (dogs H8, H15, H9, HIO) had less liver glycogen. 

In dogs Hll, H12, and H13 the extremely low blood sugar concentration of 
33 to 38 mgm. per cent coexisted with a liver glycogen concentration of approxi- 
mately 1 per cent. Liver gl 3 ''cogen values of this order ma 3 ’’ be found in normal 
dogs only after a period of 8 to 10 da 3 ’-s of fasting, but when found the 3 '' coexist 
vith blood sugar concentrations of 58 to 76 mgm. per cent (average 65 mgm. 
per cent) (de Bodo et ah, 1942), again about 30 mgm. per cent greater than that 
found in dogs Hll, H12, and H13. In dog H16 a blood sugar value of 34 mgm. 
per cent coexisted vdth a liver glycogen content of 2.04 per cent. This relativeb^ 
large amount of liver glycogen with such an extreme^’' low post-absorptive 
blood sugar value was an unusual finding in our series. In short, the liver gl 3 ’'CO- 
gen values found in the h 3 ’poph 3 ^sectomized dogs listed in table 1 var 3 '' v’idel 3 ’', 
but it should be noted that in every instance the coexisting blood sugar concen- 
trations were markedl 3 ’' lower in these animals than the 3 ’^ would have been in 
normal animals Avith the corresponding liver glycogen values. 

In addition to the deteiTnination of the dail 3 ’' post-absorptive blood sugar 
values, the 24 hour fasting blood sugar level was also determined in dogs H9, 
HlO, Hll and H12. These results are shown in figures 2, 3, 4 and 5. It can 
be noted that, as would be expected, these A’alues are all lower than the corre- 
sponding post-absorptive values. However, of all the figures obtained onl 3 ' 
two (dog Hll, 12 da 3 ’s post-operativeh'- and dog H12, 29 da 3 ’S post-operativeb’’) 
were lower than 50 mgm. per cent. Soskin et al. (1935-6, 1938, 1939) used the 
24 hour fasting blood sugar level as a criterion for the completeness of their 
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hypophj^sectomies, accepting as completely hypophysectomized only those ani- 
mals nnth blood sugars below 50 mgm. per cent. If we were to accept tins we 
would have to regard as incompletely hypophyscctomized dogs H9 and HIO, 
each of which had on two occasions 24 hour fasting values over 50 mgm. pei 
cent (65, 53; 63, 68 mgm. per cent), and which were subsequently proved by 
histological study to be 100 per cent completely hypophyscctomized. 

Conclusions and Discussion. From the results presented here it is appar- 
ent that within two days follovdng hypophysectomy the post-absorptive blood 
sugar of dogs falls to a level considerably below its pre-operative value to which 
it never returns. During the weeks subsequent to hypophysectomy the post- 
absorptive blood sugar fluctuates nndely around the lower level with a tendency 
to fall further rather than to rise. The blood sugar never falls from normal to 
hypoglycemic shock levels nithout passing gradually (with or without marked 
fluctuations) through successively lower stages. Day-to-day obserwation of 
.the post-absorptive blood sugar level of hypophyscctomized dogs makes it 
possible to detect impending hypogl 3 ’^cemic crisis. 

Since the animals on which these observations were made were found histo- 
logically to be 100 per cent completely hypophJ^sectomized and since all had 
the adrenal cortical atrophy which is as characteristic of the hypophyscctomized 
dog (de Bodo and Maiine) as it is of the hj^pophysectomized rat (Smith, 1930), 
we believe that the inability to maintain normal blood sugar levels is also a 
characteristic of complete hypophj^sectomju 

Houssay (1935) does not consider subnormal blood sugar values character- 
istic of hypophysectomy in the dog. In one of their papers Houssay and Bia- 
sotti (1931a) reported blood sugar levels below noimal in only 2 out of 5 of their 
hj’pophjfsectomized dogs. However, it should be noted in this connection that 
Houssay (1936) has stated that adrenal cortical atroph}’’ occurs “less frequentlj’'” 
in hj'pophysectomized dogs than in hj^pophj^sectomized rats. In a paper in 
which Houssay and Biasotti (1931b) presented histological data, only 1 of the 
5 hypophyscctomized animals studied showed marked adrenal cortical atroplij’', 

1 showed moderate atrophy, and the remaining 3 had normal adrenal cortices. 
In a later paper Houssay (1933) charted the weights of the adrenal glands of 
20 of his hypophyscctomized dogs, on wliich no blood sugar findings were pre- 
sented. We have related the weights of the adrenal glands as given in Houssay’s 
chart to the body weights of his animals. This reveals that onlj’- 7 out of his 
20 hj’pophysectomized animals showed a degree of adrenal atrojihj’' comparable 
to that which we (de Bodo and Marine) obseiwed in all our 100 per cent com- 
pletely hypophysectomized animals. 

Chaikoff et al. (1935) found low post-absorptive blood sugar values in only 

2 out of 7 hypophysectomized animals studied. Unfortunately no statements 
are made as to the condition of the adrenal cortices of these animals. 

agreement Mth those of Smith et al. 
(1936) who, although they did not follow blood sugar levels daily before and 
af er h 3 ^pophysectom 3 q found that the post-absorptive blood sugar level of 
■ hypophysectomized monkeys (33 observations on 9 animals) varies around an 
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average value of 59 mgm. per cent as contrasted with an average of 110 mgm. 
per cent found in normal monkeys (53 observations on 24 animals). 

The characteristically low’' post-absoiptive blood sugar level of hypophysec- 
tomized dogs is found in the presence of fairly large amounts of liver glycogen. 
The co-existence of these two findings requires further comment. The blood 
sugar level is determined by the ratio of glucose production to glucose utiliza- 
tion. There is no general agreement as to the effects of hypophysectomy on 
glucose utilization. Wliereas Chambers et al. (1935) w’ere unable to detect 
any change, and Soskin et al. (1938, 1939) found it decreased, Fischer, Russell 
and Cori (1936) and Russell (1942a, 1942b) found increased glucose utilization 
after hypophysectomy in the rat, as did Greeley (1940) in the rabbit. 

Assuming that the latter view' is correct and that glucose utilization is increased 
after hj'pophysectomy, this fact alone could not account for the low blood sugar 
levels found in our hypophysectomized animals in the presence of the amounts 
of glycogen contained in their livers. Russell (1942a) claimed that glucose, 
utilization is twice as great after h^’^pophysectomy in the rat. As has been 
showm by Bodo, Barker and Benaglia (1938), normal dogs in the post-absorptive 
state maintained noi-mal blood sugar levels wbile performing moderate muscular 
exercise, during wdiich their glucose utilization w’as proved to be four times 
increased as determined by the respiratory metabolism. It is clear then that 
the production of glucose in the normal animal is capable of keeping pace with 
even a fourfold increase in utilization. 

Therefore it is obvious that the low post-absorptive blood sugar values in 
our hypophysectomized animals cannot be accounted for solely on the basis of 
increased utilization. There must be decreased production of sugar. There 
is ample evidence that the production of sugar from non-carbohydrate sources 
is deficient after hypophj'sectom}', but since our animals had liver glycogen 
reserves (in some cases within nomial limits) the defective formation of sugar 
from non-carbohydrate sources cannot have been the only limitation on glucose 
production. We must therefore conclude that there is also a defective glucose 
formation from liver glj'cogen. In other words, after hypophysectomy there 
is an impainnent in the physiological mobilization of liver glycogen. 

There is convincing eAudence available that w’hen the blood sugar of a normal 
animal is markedly low'ered (to a “critical level”) by large doses of insulin, 
adrenaline is secreted — as demonstrated on the animal’s sensitized denervated 
heart — w’hich in turn mobilizes the liver glycogen (Cannon et al., 1924). It is 
questionable w'hether adrenaline secretion occurs w'hen the blood sugar is not 
lowered as drasticallj’- but only to such a slight degree as occurs under truly 
physiological conditions, as in the course of moderate muscular exercise. In 
the paper referred to above (Bodo et al., 1938) it w'as demonstrated that during _ 
moderate muscular exercise such liver glycogen mobilization as is necessary to 
maintain normal blood sugar levels occurs not only in normal but also in adrenal- 
inactivated (right adrenal removed, left denervated and demedullated) and 
liver-deneivated animals. Therefore liver gtycogen mobilization can be 

effected in non-hypoph 3 'sectomized dogs by agents other than adrenaline and 
liver neiwes. 
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In our hypoph 3 ^sectomized animals the blood sugar levels were so low that 
it is probable that not onlj' were these agents called out but also adrenaline 
must have been secreted. Cope and Marks (1934-1935) have shown that 
hypophysectomj’- does not prevent the secretion of adrenaline in response to 
insulin hypoglycemia. Our orti histological studies have shown that the ad- 
renal medullae after hypophysectomy do not become atrophic but rather In’-per- 
trophic. The cells of the medullae are large, columnar, suggestive of great 
secretory actmty (de Bodo and Marine). Since in these hypophj'sectomized 
dogs of ours the low blood sugar values coexisted vith adequate liver glycogen 
stores it is apparent that neither secreted adrenaline nor the other physiological 
agents which are capable of mobilizing liver glycogen in the non-hypophysec- 
tomized animal are effective in the absence of the anterior pituitary. This 
impaired mobilization of liver glycogen must be one of the factors responsible 
for the characteristically low post-absorptive blood sugar level of hypoph.y.sec- 
tomized dogs. 


SUMMARY 

1. Within two days following hypophj^sectomj’^ the post-absorptive blood 
sugar of dogs falls to a level considerabty below its pre-operative value to 
w'hich it never returns. 

2. During the w'eeks subsequent to hypophysectomy the post-absorptive 
blood sugar fluctuates widely around the lower level with a tendenej’- to fall 
further rather than to rise. 

3. With these markedly low post-absorptive blood sugar levels some of the 
hj'^pophysectomized dogs had liver glycogen stores within normal limits, others 
had smaller stores, but all had amounts of liver glifcogen which, if present in 
non-hypophysectomized dogs, would have been sufficient to have maintained 
normal blood sugar levels. 

4. In the absence of the anterior pituitary there is an impairment in the 
mobilization of liver glycogen by secreted adrenaline and also by the other 
physiological agents wffiich are capable of mobilizing it in the non-h 3 q)oph 3 ^sec- 
tomized animal. 

5. In the absence of the anterior pituitar 3 ^ there is an inability to maintain 
normal blood sugar levels. 

6. The impairment in the ph 3 '’siological mobilization of liver gl 3 '’cogen is one 
of the factors responsible for the characteristicall 3 ’- low post-absorptive blood 
sugar level of hypophysectomized dogs.’ 
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In a previous communication (Rosenblueth and Cannon, 194:2) a stvidy was 
made of some features of the tonic-cionic, selfsustained responses of the cereirral 
cortex to electric stimulation . The responses were found similar in different cor- 
tical areas, men activity spread to several areas a physiological coupling was 
revealed by the temporal correlation of their clonic bursts and usually by the 
simultaneity of the sudden end of the response at all the regions involved. 

The present study attempts an analysis of the mechanism by which different 
cortical regions may become coupled during clonic activity, and also an elucida- 
tion of the factors which determine the rate of clonus, and the reason for the 
simultaneous abrupt end of the responses in several areas. 

Method. Young Rlresus monkej's were used, anesthetized ndth chloralose 
(0.06 to 0.1 gram per kgm., intravenously). The left cerebral hemispheie was 
largely exposed, and the right cranium also was opened to permit the approach 
to the arm region of the motor and sensory areas on that side. 

Two light brass stands were firml}" screwed into the remaining bone. To these 
stands were attached 6 pairs of silver electrodes which were placed on various 
cortical areas and were used for either stimulating or recording. Even marked 
movements of the head of the animals did not disturb the contact of the elec- 
trodes ndth the brain. 

Repetitive stimuli capable of producing tonic-clonic responses were obtained 
from a Harvard induction coil nith a 1.5 v. cell in the primary. The stimulating 
electrodes were applied by hand. The single-shock stimuli were condenser dis- 
charges vdth a time constant of approximately 0.8 msec, and with a strength of 
5 to 30 V. Frequencies of 0.5 to 4 per sec. were used, regulated by changing the 
bias of a thyratron with a potentiometer. The single shocks were delivered 
through one of the fixed pairs of electrodes on the cortex. 

Both for stimulation and for recording, the interelectrodal distances were from 
2 to 5 mm. 

The cortical electric responses were recorded by means of a Grass 6-channel set 
of ink-writing, moving-coil galvanometers and associated resistance-capacity 
coupled amplifiers. The input was on push-pull for each of the recording pairs 
of electrodes. The animal was grounded through a diffuse lead attached to 
either temporal muscle. The records in these conditions are quite independent. 

Results. A, The control of clonic activity by single shocks applied to the cortex. 
Rosenblueth and Cannon (1942) showed that stimulation of the cortex bj’’ single 
shocks in the course or shortly after the end of a tonic-clonic sequence could elicit 
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clonic-like responses. This observation led to the expectation that the rate of 
clonus could be controlled, and clonic activity could be prolonged by means of 
trains of shocks r^dth appropriate frequencies. The expectation was confirmed, 
as follows. 

Series of clonic discharges were observed in 3 different conditions : a, during a 
selfsustained response which was not modified by additional single-shock stimu- 
lation — the term “selfsustained” udll be used to denote this clonic activity, em- 
phasized, when convenient, by the adjective “undriven” ; h, in the course of a self- 
sustained response the rate of a clonus could be controlled b}'- appropriate low 
frequency stimuli — these bursts udll be referred to as “driven or controlled” 
selfsustained clonus; c, a clonic response could be prolonged beyond its inherent 
duration by appropriate single-shock stimulation — this clonus will be designated 
by the term “prolonged.” In order to decide whether single shocks were con- 
trolling a selfsustained clonic response the frequency of the shocks was usually 
varied in the course of the observation. When the clonus followed these variable 
rates a positive correlation was inferred — ^i.e., a non-fortuitous coincidence. The 
prolongation of a clonic series was evidenced not onlj’- by the duration, but also 
bj’’ the immediate cessation of the responses upon discontinuance of the stimuli. 

For single-shock stimulation to be effective in the control and prolongation of 
a clonic response several conditions had to be satisfied, a. The stimuli had to 
be stronger than a given critical voltage. It is obvious, therefore, that the 
threshold of certain cortical elements should be attained, h. An appropriate 
area of the cortex had to be stimulated. This condition is detailed in section B. 
c. It was necessary that the rate of the shocks be adequate, as follows. 

A shock applied shortly (uithin about 0.3 sec.) after a spontaneous clonic burst 
had occurred, failed to activate the cortex. Hence, when single shocks were re- 
peated faster than about 3.5 per sec. the clonic bursts were never seen to follow 
each stimulus. The elements of the cortex involved in a clonic response behave, 
therefore, as if they have a prolonged functional refractory period of about 0.3 
sec. This imposes an upper limit on the rate of the effective driving shocks. 

Although the maximal rate of clonus which could be imposed at any of the 
areas tested was about 3.5 per sec., this rate was attainable only early during the 
clonic response to a prolonged, intense, rapid stimulation. If the stimuli which 
elicited a tonic-clonic response were weak, or were applied for a brief period, or if 
a tonic-clonic response had already proceeded for some time, then the imposed 
rate of clonus could usually follow only lower frequencies. Whenever the rate of 
drmng stimulation was higher than the maximal rate to which the cortex could 
respond at the time, clonic bursts were elicited bj’’ alternate shocks. Responses 
to every 2nd, or even to every 3rd shock were therefore often seen even though 
the frequenc}’- of stimulation was only 3 per sec. or less. 

In figure lA is illustrated a typical 1 :2 alternation. All the active areas shai’e 
alike in this alternation; this was usual. Figure IB illustrates an exceptional 
instance of alternation; the following cycles repeat regularly: short latency 
long latency — > no response. 

If in the course of a clonic response single-shocks were applied with a frequency 
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slower than that of the prevailing intrinsic rhythm, they did not gam control of 
the rate Even if one of the shocks elicited a burnt, the next clonic complex oc- 
curred before the following shock, and there was no correlation between the 


stimuli and the clonus. _ i. \ 

The rate of stimulation, for prolongation of a clonic response, could not be 

slower than about 0.7 per sec. Intervals greater than 1.5 sec. invariably re.sulted 



Fig. 1. Alternation of clonic responses to single shocks applied to the cortex. In these- 
and the following figures the records show the electric activity of various cortical areas, 
unless otherwise stated. Tlie order in wliich the recording areas are listed corresponds to 
the successive tracings from above downward. The numbers correspond to Brodmann’s 
(1905) classification. The letters F, A and L, when they follow a number, indicate that the 
record is from the face, arm or leg division of that area. The letters R or L, when they 
precede a number, indicate the right or left hemisphere; when there is no preceding letter 
the area was in the left hemisphere. The speed of the tracings is indicated by the 1-sec. 
time calibration at the right lower corner. The records all begin some time after a brief 
(2 to 5 sec.) period of faradic stimulation at tetanic frequency (referred to as rapid stimula- 
tion) had initiated a tonic-clonic response in the cortex. 

A. Records; 6A, j}A, lA, IF, and 7F. Previous rapid stimulation of fiA. Single shocks 
were applied to 8, as indicated by the artifacts, particularly recognizable in 6A. The 
clonic bursts occur in response to every other shock. 

B. Records: 4A, 4^, lA, IF, and 7A. Previous rapid stimulation of ^A. Single shocks 
were applied to as indicated by the artifacts in 4F. The responses follow the stimuli 
according to the repeated cycle: short latencj' — > long latency no response. This 
unusual mode of alternation endured for 30 sec. and was then followed by one of the habitual 
modes. 


in failure of the clonic responses to follow later stimuli. There is thus a lower 
limiting frequencj'- of stimulation below which clonic bursts cannot be sustained. 

It is interesting that the two limiting frequencies mentioned (3.5 and 0.7 per 
sec.) coincide approximately tvith the limits of clonic frequency in selfsustained, 
undiiven responses (3 and 1 per sec.; Rosenblueth and Cannon, 1942). 

The degree of prolongation of a clonic response by single-shock stimulation 
depended on the rate of the stimuli. The results were not acciu’ate enough for a 
precise quantitative statement, but as a rule a frequency of about 3 per sec. pro- 
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longed the response more than did a rate of 1 per sec. In no instance could the 
discharges be prolonged indefinitelj^ — i.e., beyond about 5 min. The prolonga- 
tion depended not only on the rate of the single stimuli but also on the degree of 
rapid stimulation applied to originate the tonic-clonic response. The same fre- 
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Fig. 2. One mode of ending of driven clonic responses. Records; 6, IL, 4A, and 4^. Rapid 
stimulation of 4A initiated tonic-clonic activity which spread to all of the recording regions. 
Single shocks were applied to 8 at the frequency shown by the stimulus artifacts (see end 
of B). These shocks controlled the clonic discharges. A illustrates typical responses 
early in the series. In B (40 sec. later) the responses have lost the spike components. 
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Fig. 3. Another mode of ending of driven clonic responses. Records: IL, lA and 7A. 
Localized tonic-clonic activity was initiated in 7. The stimulus artifacts denote single- 
shock stimulation of 6. In A the clonic bursts bear a 1:2 ratio with the stimuli. In B, 10 
sec. later, the ratio is 1:3. The last burst in the record was the last clonic response evoked. 

quency of the prolonging stimuli was more effective if strong and long initial 
rapid stimulation had been applied, thus causing a wide.spread tonic-clonic 
response, than it was if weak and brief initial stimulation caused only localized 
selfsustained activity. 

The end of clonic acti^dty in response to single shocks of an appropriate fre- 
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quency could take place in one ol several manners. First, vith regard to rate, 
the clonic bursts could follow each single shock to a sudden abxnapt end of the 
response (fig. 2), or else, after having followed a 1 : 1 relation mth the stimuli for 
some time, they could begin to alternate so that they bore a 1 : 2, or, later, a 1 ; 3 
relation mth the shocks, until they finally stopped (fig. 3). 

Second, the latency of the clonic bursts elicited by the single shocks was some- 
times constant until the responses disappeared (fig. 3). Sometimes, however, 
toward the end of a series a gradual increase of latency was seen (fig. 2). 

Third, with regard to phase or pattern, the clonic responses sometimes re- 
mained quite constant until an abrupt end (fig. 3). Not uncommonly, however, 
there was a progressive simplification of pattern — the number of spike compo- 
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Fig. 4. Influence of rate of controlling single shocks on the clonic responses. Records: 
4 A, 4F, iA, IF, and 7 A. 

A. Illustrates clonic bursts in a selfsustained (undriven) response to rapid stimulation 
of lA. 

R. A rapid. stimulus similar to that in A was applied. In addition single shocks were 
delivered to 6A, as shown by the stimulus artifacts (see tracing of 4F). The record illus- 
trates the result of a sudden increase of the frequency of the single shocks: tlie latency of 
the clonic responses increases and the number of spikes in each burst decreases. 


nents of the clonic complex decreased, while the slower smooth-wave component 
could remain unaffected or even increase in amplitude (fig. 2). 

The pattern of the clonic bursts could also be affected by the rate of the con- 
trolling shocks. A characteristic example is illustrated in figure 4B An accel- 
eration of the driving stimuli resulted in a sudden decrease of the number of 

spikes in the bursts, and in addition caused an increase of the latency of the 
responses. 

B. Specific connections between different cortical areas. In the previous section 
were considered the general characteristics of the clonic bursts evoked by sinale- 
shock stimulation of appropriate cortical areas. In this section the emphasis is ' 
on what is meant by appropriate in that context. 

men a, located (non-spreading) tonic-donio response was initiated in a riven 
cortical region it was found that stimulation of certain other areas could control 




686 


A. ROSENBLUETH, D. D. BOND AND W. B. CANNON 


and prolong the clonic bursts, whereas single-shock stimulation of still other areas 
would fail to influence the clonus. 

The complete knowledge of controlling relationships in the cortex would re- 
quire a study of all the regions controlled by any given area and of all the regions 
which can control that area. Such study was not attempted. Enough observa- 
tions were made, however, to warrant the statement of the follomng principles. 

o. There are pairs of areas in which mutual, two-way control is found. Thus, 
stimulation of area J^ (Brodmann, 1905) can drive clonus at area 7, and vice versa. 

b. There are jjairs of areas which exhibit only one-way control. Thus, stimu- 
lation of area 1 7 can drive clonus at area 8 (fig. 5A), but stimulation of 8 does not 
drive the clonic responses at 17. 



Fig. 5. Specificity of the controlling pathways. ^ ^ 

A. Records; 8 , 4 and 1 . Single shocks to 17 (see artifacts in 1 ) control a clonus localized 
in the distant area 8 . 

B. Records; 6 , 4 , 1 and 7 . Single shocks to 19 (see artifacts in 7) fail to control clonus 
at and i , though 19 , like 17 , can control 8 . 

c. There are pairs of areas tvith no mutual controlling relationships. Thus, 
stimulation of either 4 or 7 does not control a clonus limited to either 19 or 17, and 
vice versa (see fig. oB). 

d. It is possible to set up 2nd or higher order control, thereby linking areas 
which are not directl}’- coupled. Thus, as stated in c, 17 does not control 4 - 
Area 8, on the other hand, controls 4 , S'lid, as stated in b, 17 controls 8. If tonic- 
clonic responses are set up both in 8 and 4, stimulation oi 17 may control clonus 
at 4 via 8. 

e. If single-shock stimulation of a given region controls the clonic activity of 
another, then the selfsustained clonic discharges in the first vdll also control the 
clonic activity of the second, provided that the rate of discharge of the driving 
area is faster than that of the driven. Figure 6 illustrates the control of clonic 
activitj' at 8 by the clonic bursts at 17 and 19. In figure 7C, on the other hand. 
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1 9 fails to drive 8, because the rate is slower at 19 than at 8. Second order con- 
trol is also possible in these conditions (see fig. 7D). ^ 

In addition to the controlling relation-ships already mentioned as examples, the 
following linkages were also observed. Areas 4, 1, 2 and 7 

mutual control. This coupling was not limited to the ‘face , aim and leg 
bands which Dusser de Barenne and McCulloch (1938) described on the basis of 
the effects of local applications of strychnine. The face region of areas 4 ^ 

could be readily driven by single shocks applied to the leg region (fig. 8), and 
vice versa, even if the ann region Avas not active during the tonic-clonic response. 

Crossed couplings— i.e., from one hemisphere to areas on the opposite side— 
were also readily demonstrable. Thus, stimulation of 4 on- one side controlled 
the clonic responses ol 4, 1, 2 and 7 on the contralateral hemisphere. 



17 — iW-h' — — f-v-Y— f' 


Fig. 6. Coupling of localized selfsustained clonic responses in distant areas. Records: 
S, 4, 1,7, IS and 17. Successive rapid stimuli were applied to areas 8 and 17. A was taken 
40 sec. after the application of the stimuli; for each clonic burst at 17 and 19 there is, with 
a brief delay, a corresponding clonic discharge at 8. B, 10 sec. later; the discharges at 17 
and 19 bear a 2:1 relationship with those at 8 — ^i.e., 8 is alternating with respect to the 
other areas. C, 10 sec. later; the response ends at 8 wliile it proceeds at 17 and 19. 


C. The pQsdbility of setting up two independent tonic-clonic responses in the cor- 
tex. Since there are areas between which there is no mutual control, it was ex- 
pected that separate discrete stimulation of such areas would result in responses 
independent of each other. This expectation was confiimed. For example, by 
successive stimulation of 7 and either 17 or 19, it was possible to initiate re- 
sponses with different clonic rates and durations (fig.7A). 

Even in areas Avith one-ivay coupling, independent responses could be obtained 
if the clonic rate of the driven area happened to be higher and the duration of the 
response longer than that in the driving area (cf . 1 9 and S in fig. 7C) . The driv- 
ing region could then not impose its rate on the driven one, much as single shocks 
fail to drive clonus uhen slower than the preAmiling clonic rate (p. 682). 

Occasionally, for reasons still obscure, independent responses were seen in 
areas usually coupled (cf. 5 Avith 4, 1 and 7, in fig. 7B). A linking of independent 
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areas could be easily obtained bj'’ simultaneous activity in a region coupled to the 
others (fig. 7D). The situation was then similar to that described above when 
second order controls were defined. 
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Fig. 7. Independent tonic-clonic responses in the cortex. 

A. Records: 8, It, 1, 7, 19 and 17. Successive rapid stimulation at 17 and 7 led to two 
independent tonic-clonic responses, one at 7, the other at 17 and 19. The record shows 
the end of activity at 7. 

B. Records: 8, JfA., lA, IF, 7A, and 19. Rapid stimuli were applied first to 4A and 15 
sec. later to 8 and 19 in quick succession. The record begins about 20 sec. after the last 
stimulation. The clonus at 4, 1 and 7 is coordinated and is independent of that at 8 and 19. 

C. Records as in B. Rapid stimulation was first applied to 19. . About 30 sec. later 4 
and 9 were also stimulated. The record shows the end of the response at 19. This response 
was independent of the coordinated discharges in the other areas. 

D. Records as in A. Sudcessive rapid stimulation of appropriate duration at 4, 8 and 
17 led to a clonic response which was coordinated throughout the cortex. The discharges 
at h lead; their control over the activity at 4, 1 and 7 is made via 8 (second order control). 

D. The effecls of sections of the gray matter. The purpose of these observations 
vas to see whether the controlling pathways are intracortical or subcortical. 

n some instances a cut was made in areas 4ov 1, about 5 mm. deep, from the 
owei mat gin of the face region up to the midline. Single shoclcs were then ap- 
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V At. ind a clonic response rvas stimulated in 7 arm. The single shocks 
C— to clois at 7. much as they had before the out. 



Fig.S. Coupling of different divisions of a single area. Records: f A fF and 7 A Rapid 

stimulation was applied to fF; it resulted in a tonic-clonic response which did not spread 
to the neighboring division 1 A or to other areas._ The record shows the control of the clonic 
bursts at IF by single shocks applied to IL. Stimulus artifacts in I A and 7A. 
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Fig. 9. Responses of an isolated cortical region in area 17. As e.vplained in the text, the 
gray matter was cut throughout the perimeter of a square with sides of about 2 cm. Rec- 
ords: 7 , 17 inside, and 17 outside the isolated region. 

A. Rapid stimulation outside caused a tonie-clonic response which did not spread in- 
side. The clonus is illustrated. 

B. As in A, but stimuli applied inside. 

C. Rapid stimuli as in A. Single shocks were then applied inside and, as shown bj’- the 
record, succeeded in controlling the clonic response. Each clonic burst is preceded by a 
diphasic stimulus artifact. 

D. Two successive rapid stimulations were applied, one inside, one outside. The record 
illustrates the synchronism of the selfsustained clonic bursts. 

In other more conclusive cases a square of gray matter with sides of about 2 
cm. Avas entirely isolated in area 17 by 3 sections about 5 mm. deep, that included 
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the pia, and by an additional subpial cut, where the vessels entered the area. 
Records were then taken from 2 pairs of electrodes, one outside, the other inside 
the isolated region. As shown in figure 9A and B, the response to rapid stimula- 
tion outside the cuts did not spread to the isolated portion, and similarly, stimu- 
lation inside did not spread beyond the sections. Single-shocks applied inside, 
however, readily controlled the clonic responses of the region outside (fig. 9C), 
and vice versa. Furthermore, if successive rapid stimulation was applied inside 
and outside, the clonic bursts wei’e correlated at the two pairs of electrodes 
(fig. 9D). 

E. The control of clonic responses by afferent nerve impulses. The fact that 
clonic responses may be driven by electrical stimulation of the cortex naturally 



Fig. 10. Second order control in driving by afferent nerve impulses. Records: S, 4A, 
IL, lA and IF. The lower tracing (M) records the action potentials of a muscle activated 
reflexly ; it indicates the time of single-shock afferent stimulation of the right sciatic. 

In A sciatic stimulation fails to drive a localized clonic response at 8. 

In B sciatic stimulation drives clonus at 8 because this area is now coupled to other active 
regions over which the afferent impulses have a control. 

sugge.sted the possibility that centripetal impulses, set up by stimulation of 
afferent nerves, might also control clonic activity. 

Accordingly, in some animals, in addition to the usual cortical leads, stimulat- 
ing electrodes were applied to the central end of the cut right sciatic nerve. It 
was possible for the afferent nerve impulses to gain control of the clonus at sev- 
eral areas, both in the contralateral (fig. lOB) and in the ipsilateral hemispheres. 
Second order control is illustrated in figure 10. Sciatic stimulation did not influ- 
ence the clonic activity at the contralateral area 8 when this activity was local- 
ized (A). Adequate control ensued, however, when 8 was coupled to other 
controlled areas (B). 

Discussion. I. The similai'ity of the clonic responses to single shocks with the 
spontaneous clonic bursts. Throughout the description of the experimental re- 
sults the assumption was made that the responses obtained by appropriate single- 
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shock stimulation are entirely similar to the clonic discharges of a tomc-clomc 
response. This assumption is based on the followng considerations. 

a. The responses to the single shocks, like the clonic bursts, include several 
spikes and a more prolonged rvave, organized in a characteristic pattern (cf. fig. 

h. The single shocks, when applied before or some time (several seconds) after 
a tonic-clonic response, elicit either no recordable activity or only unsustained 
simple responses of the type previously studied by Adrian (1936) and by Rosen- 
blueth and Cannon (1942). vSuch simple responses, when present, in no aspect 
resemble a clonic burst. Indeed, the single shocks elicit clonic-like effects onl 3 '' 
when delivered during the clonus of the tonic-clonic sequence, not before. 

c. Single shocks delivered shortly after a spontaneous clonic burst fail to elicit 
any tj'-pical response (p. 682). This observation leads to the inference that the 
same coitical elements are involved in selfsustained clonus and in the re.sponses 
to single stimuli. 

d. Areas which couple upon single-shock stimulation also exliibit linked un- 
driven clonic bursts when stimulated separatelj’’ (fig. 6). Conversely, uncoupled 
areas show independent selfsustained clonic actirat 3 ’’ (fig. 7A). 

c. The rates at which electric stimulation of one region may drive another 
coupled region are similar to those at which selfsustained clonus occurs (p. 683). 

II. The patlttoays for control. The conduction of the nerve impulses from a 
driving stimulated area to a drn^en clonicalty active region could a priori follow 
two different pathwaj^s. The stimulated cells could activate neighboring ele- 
ments, and these in turn more outljdng neurons, so that a spreading wave of 
activity would ensue, largel}’’ confined to the gray matter. Such waves would 
follow — to use a word suggested by W. S. hlcCulloch (personal communication) 
— ^the “feltwork” of the cortex. This mode of propagation is e.xhibited by some 
of the cortical responses to single-shock stimulation studied bj’' Adrian (1936) and 
bj’- Rosenblueth and Cannon (1942). 

An alternative pathway could be long fiber tracts, vdth few or no relays, travel- 
ing siibcortically from the driidng to the diiven areas. This means of conduction 
would ensure specificity of connections, as opposed to the indisciiminate spread 
which would tend to result from feltwork propagation. 

That the coupling of areas is probably through long, subcortical connections is 
indicated by the following observations, a. The control is specific (fig. 5). b. 
The coupling of areas in the two hemispheres (p. 687) is undoubtedly through 
long pathways, c. Quite distant areas in one hemisphere (e.g., 17 and S) a°e 
coupled and one may drive the other, although it may not drive some of the 
inteiTOediate regions of the cortex (fig. 5). d. Pz’opagation velocity in the felt- 
work is relatively slow (Adrian, 1936; Rosenblueth and Cannon, 1942); yet the 
latency of the clonic bursts elicited in 8 by stimulation of 17 was often as brief as 
25 msec. e. Section of the gray matter between the driving and the driven re- 
gions did not abolish the linkages between different cortical regions (fig 9 • p OSS) 

In a mcent study, Le Gros Clark (1941) failed to obtain any anatom’ical evi- 
dence of long unilateral cortico-cortical connections of area 17. The present 
data give no clue as to the anatomical structure of the coupling tracts. They 
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indicate, however, that there are specific, long, functional pathways linking cer- 
tain areas with several others. 

In this and a prewous stud}’- (Rosenblueth and Cannon, 1942) the spread of a 
tonic-clonic response in one hemisphere has always been to contiguous areas, 
never discontinuous — i.e., a spread to a distant area has never been observed 
unless the intervening regions, between the stimulated and the distant areas, first 
became involved in the selfsustained activity. Thus, in the present observations, 
although areas 1 7 or 15 readily controlled the clonic activity of area 8, stimulation 
of 17 or 19, no matter how strong, frequent and prolonged, never caused the 
appearance of a tonic-clonic response in 8. 

Tonic-clonic responses of certain cortical areas in one hemisphere can be evoked 
b}’^ the stimulation of appropriate regions in the opposite side (Rosenblueth and 
Cannon, 1942). It may be inferred, therefore, that the activation of tonic-clonic 
responses may be brought about ^da long fiber connections. To reconcile this 
positive datum vdth the negative facts in the previous paragraph it is suggested 
that the long nerve paths involved in the spread of a tonic-clonic response from 
one to the other hemisphere are different from those through which control of 
clonus can be obtained. Witliin one hemisphere predominant!}'- or exclusively 
controlling pathways are present, whereas the connections between the two hem- 
ispheres involve these controlling pathways and in addition others which lead to 
the spread of selfsustained activity. The spread of tonic-clonic activity vdthin 
one hemisphere would then be predominantly or exclusively via the feltwork. 
This last suggestion is supported by the failure of spread across a cut of the gray 
in 17 (fig. 9). 

III. Some features of cortical clonic activity. The data reveal some interesting 
properties of the cortical elements involved in clonic discharges. The latency of 
the clonic bursts of one area in response to stimulation of another one could vaiy 
within vide ranges. For example, in a single animal the latency of the responses 
at 8 to stimuli applied at 17 varied from 25 to 100 msec. The changes of latency 
could depend on the rate of the driving stimuli (fig. 4). They could occur pro- 
gressively in the course of a series of responses (fig. 2B). Finally, the latency 
could vary vdth the intensity of the driving shocks — e.g., in one observation the 
latency at the left area 4 of the responses to single shocks at the right symmetrical 
region changed abraptly from 40 to 75 msec, when the intensity of the stimuli was 
reduced from 27 to 17 v. 

Since the conduction velocity of axons is quite constant, it is not likely that the 
changes in latency are due to changes of conduction velocity in the pathway 
which connects the stimulated vdth the responding regions. It appears more 
probable that a lengthening of latency is due to a lengthening of the synaptic de- 
lays interposed in that pathway, particularly the S}Tiaptic delay at the driven 
area. This interpretation covers all the changes of latency observed if the fur- 
ther assumption is made that the synaptic delay in question varies inversely as 
the excitability of the responsive cells. The progressive lengthening of latency 
seen toward the end of a series of clonic responses (fig, 2) would then be due to a 
progiessive decrease of the excitability of the activated elements. The longer 
latencv corresponding to briefer interv’-als between the stimuli (fig. 4) would be 
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due to tUe relative refractoiiness (p. 682) of tbe cells (i.e., lessened excitability), 
when the stimuli are delivered at short intervals. The increase of latency which 
results from a decrease of the intensity of the drhdng stimuli would not be due to 
a change of excitability of the responding cells but to a decrease of the “density 
of excitation.” Weak shocks stimulate fewer controlling elements than do strong 
shocks. The total number of nerve impulses impinging at the active area is 
’ therefore small vnth a weak shock— i.C:, the density of excitation is low. 

Rosenblueth and Cannon (1942) described two components in the electrical 
records of cortical clonic bursts. One of them (component III) consists of sharp, 
spike-like excursions, commonly multiple in the bumts. The other one (compo- 
nent IV) is a large round wave, usually obscured by the superimposed spikes. 
The prolongation of a clonic response by a series of stimuli reveals that these two 
components correspond to activity of different and independent elements, since 
often the spikes disappeared in the course of the series while component I\ was 
still present for some time, until a sudden or gradual disappearance (fig. 2). 

Changes of amplitude and duration in the clonic bursts, correlated with the 
frequency of clonus, occur not only when this frequency is controlled (fig. 4) but 
are also seen in selfsustained (undriven) clonic responses. In the course of the 
selfsustained discharges the frequency slow^s progressively and the complexity of 
the bursts increases correspondingly (Rosenblueth and Cannon, 1942) . In nerve 
and cardiac or striated muscle, impulses elicited in rapid succession are subnormal 
in amplitude, for recovery from previous activity is not complete. There is not 
a strict parallelism between these simple responses and the clonic bumts. A 
clonic discharge involves probably single activity of some elements (component 
IV), but it also includes repetitive trains in others (component III). Even for 
this complicated pattern, however, the responses appear simplified, if sufficient 
time for total recovery is not allowed. 

IV. The concept of a background excitation. To clarify this concept we shall 
consider specific experimental instances. Single shocks applied to area 17, with- 
out any other stimulation of the cortex, do not give rise to clonic bursts in the 
ipsilateral area 8. The same shocks, however, w'hen applied immediatelj'" after 
the end of a tonic-clonic response stimulated at 8, regularly elicit further typical 
clonic bursts in this region. These clonic responses may then be evoked for a 
long time, if the stimuli to J7 are applied above a frequency of about 1 per sec. 
They then will stop suddenly even though the stimuli be continued. There is no 
evidence of any cortical activity at 8 betw-een the bursts produced by stimulation 
of f 7; indeed, even the spontaneous activity, otherivise ever present in the cortex, 
may be absent at the time (see Rosenblueth and Cannon, 1942) . It is suggested, 
a, that the stimulation at 8, wliich initiates the tonic-clonic response, builds up 
a prolonged state of enduring excitation in some cells of that area; b, that this 
excitation is responsible for the clonic bursts during the selfsustained response; 
c, that the excitation gradually subsides; d, that the progressively decreasing fre- 
quency of the spontaneous clonic bursts indicates the gradual w^ane of excitation- 
c, that the selfsustained discharges cease when the excitation drops below a criti- 
cal level; /, that there still remains, however, enough background excitation so 
that the impulses ansmg at 17 succeed in tripping the clonic elements at S; and 
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g, that the end of the driven clonic bui’sts again indicates further wane of excita- 
tion below a second critical level. 

Since a faster frequency of stimulation 17 prolongs clonic discharges at 8 
more than does a slower frequency (p. 683), it is further suggested, h, that each 
clonic burst in turn increases the background excitation in the discharging and 
in other similar elements. In support of this suggestion is the fact that a long 
tonic-clonic selfsustained response at 17 prolongs a brief tonic-clonic response at 
8 — i.e., that clonic discharges at 17 may drive clonic discharges at 8 (fig. 6). 

V. The end of selfsustained tonic-clonic responses. Two questions arise with 
regard to the end of a tonic-clonic response that is not prolonged by single-shock 
stimulation: why does the response cease?; and why does it usually cease simul- 
taneouslj'- (Rosenblueth and Cannon, 1942) at all the active areas? 

The present observations, interpreted on the basis of the suggestions outlined 
in the previous section, furnish an answer to these questions. When a response 
does not spread beyond the stimulated region the discharges cease as soon as the 
background excitation reaches a sufficiently low level. When a response has 
spread, and several areas are involved, then although the excitation may have 
waned at some of the regions below the level necessary for automatic discharge, 
such regions vfill remain active because they are controlled by those where excita- 
tion is still high. As long as one of the areas, which controls directly or indirectly 
the others, has enough background excitation for clonic activity, the response 
vill proceed throughout, but it will suddenly stop everywhere when excitation 
drops below the critical level in the last controlling area. 


SUMMARY 

In Rhesus monkeys, under chloralose anesthesia, tonic-clonic cortical responses 
were elicited by rapid electric stimulation. Single shocks applied to appropriate 
cortical areas can control the rate of the clonic discharges and can prolong the 
responses beyond their intrinsic duration. 

The follovdng features of the driven clonic responses are described : alternation 
(fig. 1); termination of a series (figs. 2 and 3); influence of frequency (fig. 4); pat- 
tern (figs. 2 and 4) ; specificity of the controlling connections (figs. 5 and 8). The 
controlling pathways are subcortical (fig. 9). Localized tonic-clonic responses 
may be coupled in distant areas (fig. 6); or else thej^ may be independent (fig. 7). 

Afferent nerve impulses can control clonic discharges (fig. 10). 

The discussion deals vdth the similarity of the driven to the undriven clonic 
bursts (p. 690), the controlling pathways (p. 691), some properties of clonically 
active elements (p. 692), the background cortical excitation (p. 693), and the 
factors which determine the rate and end of a clonic selfsustained response 
(p. 694). 
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In noi-mal subjects elevation of the blood pressure or a vasoconstrictor response 
to painful stimuli has been observed bj'' man 3 ’^ investigators. Hines and Brovai 
(1) have demonstrated that after the basal blood pressure has been obtained, 
immersion of one hand to a point just above the wrist in water at 4 C. for one 
minute will produce a rise of 10 to 20 mm. of mercury in the systolic blood pres- 
sure and 8 to 15 mm . in the diastolic . General anesthesia inhibited tins response, 
derivatives of barbituric acid markedlj’^ decreased the reaction, wliilc bromides 
caused only a slight decrease in it. Except for the effect of these drugs, this 
vasoconstrictor response over various periods was remarkably constant. 

Since, for clinical purposes, 95 per cent ethjd alcohol administered orally has 
been used to produce peripheral vasodilatation, the question arose as to whether 
such peripheral vasodilatation could inhibit or alter this vasoconstrictor response 
of the blood pressure in noimal subjects. Cook and Brown (2) have demon- 
strated that folloMng the oral administration of 0.5 cc. of 95 per cent ethyl alco- 
hol for each kilogram of body weight, the degi’ee of vasodilatation of the vessels 
of the skin of the extremities of normal subjects approached that obtained Mth 
anesthesia or fever. The average maximal level reached by the surface tempera- 
ture of the skin of the toes was 33.1°C. It has also been shown that when a 
normal subject remained for an hour or more under a hot environmental tem- 
perature of 32°C. (89.6°F.) the temperatures of the fingers and toes closely 
approximated the temperatures of the forehead, thorax, legs and arms, thereby 
indicating more or less generalized vasodilatation of the peripheral blood vessels. 
In order to investigate whether 95 per cent ethjd alcohol, administered orally, 
produced adequate peripheral vasodilatation, exposure of the noimal subject to 
an environmental temperature of 32°C. (89.6°F.) for approximately an hour with 
the accompanying rise of the skin temperature of the toes could be used as com- 
parative evidence. 

The present studj’’ was made to determine whether marked peripheral vasodi- 
latation, produced either by the oral administration of 95 per cent ethyl alcohol 
or by exposure of the subject to an atmospheric temperature of 32°C. (89.6°F.) 
for an adequate period, could alter or inhibit the vasoconstrictor response of the 
blood pressure of normal subjects to a painful stimulus. Since more or less gen- 
eralized vasodilatation of the peripheral circulation is considered to be present 
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when the temperature of the skin of the toes approximates that of the skin of 
the fingers, and since the skin temperature of the toes is the most sensitive or 
delicate indicator of the vasomotor regulation of the dissipation of heat, various 
criteria must be maintained regarding posture, constancj^ of the environmental 
temperature and the basal state of the subject. Furthennore, higher skin tem- 
peratures of the toes are found in persons who have higher basal metabolic rates. 

Procedure. Data were obtained in psj'^chrometric rooms on twelve normal 
subjects whose ages ranged from eighteen to forty years. The studies with alco- 
hol took place in a room where the temperature was maintained at 25.5°C. Avith 
a relative humidit}'' of 40 per cent. The subjects were fasted for fifteen hours 
previous to the tests and during the tests they wore lightweight short pajamas 
and were in the supine position on comfortable beds. The basal metabolic rates 
were first determined. Basal blood pressures were then observed and one hand 
was inamersed in water at 4°C. for one minute and the rise of blood pressure was 
noted during the immersion. After the skin of the hand had returned to normal 
temperature, the temperatures of the plantar surfaces of the first and third toes' 
of both feet and of the volar side of the distal phalanges of the first and tliird 
fingers of the two hands were measured by means of copper-constantau thermo- 
couples. When fairly constant readings of the skin temperatures of the extremi- 
ties were obtained, 30 cc. of 95 per cent ethyl alcohol diluted in 150 cc. of fruit 
juice, which was equivalent to 0.5 cc. per kilogram of body weight, was then 
administered orally and the blood pressure and skin temperatures were observed 
at ten minute intervals for one to two hours. Wlien the skin temperature of the 
toes a-pproximated that of the fingers, the same hand previously used was again 
immersed in water at 4°C. for one minute to determine the vasoconstrictor re- 
sponse of the blood pressure in the presence of dilatation of the peripheral blood 
vessels. 

At some later time in eight of the subjects, the vasoconstrictor response of the 
blood pressure was again determined and the subject was placed for one to two 
hours in a hot room where the environmental temperature was maintained at 
32°C. (89.6°F.) with a relative humidity of 40 per cent. The skin temperature 
of the fingers and toes was again determined and observations of blood pressure 
were made at intervals of ten minutes. Again, when the skin temperature of the 
toes approximated that of the fingers, the vasoconstrictor response of the blood 
pressure was repeated. 

Results. The basal metabolic rates of these twelve normal subjects ranged 
from -1-13 to —19 per cent. Under an environmental temperature of 25.5°C. 
vith a relative humidity of 40 per cent, as previousl}'" mentioned, the highest skin 
temperature of the toes was observed among subjects who had the highest basal 
metabolic rates. 

The average skin temperature of the toes for the group during the control 
period w’as 26.9°C. vdth a range from 22.5 to 31.3°C. while the average skin tem- 
perature for the fingers during the same period was 31.2°C. with a range from 
27.1 to 34.5°C. The average difference between the fingers and toes was 4.3°C. 

Approximately one hour after the oral administration of 30 cc. of 95 per cent 
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ethyl alcohol, the average maximal skin temperature oi the toes ^vas 31.S°C. wth 
a range from 23.6 to 35.3°C. while the average maximal skin temperature of the 
fingers was 34:.2°C. with a range from 30.3 to SG.O'^C. In spite of the seeming 
disparity between skin temperatures of the fingers and toes, only in three in- 
stances was there a difference of 2°C. or more. 

After the subjects had remained in the hot room for one hour generalized 
peripheral vasodilatation was evident when the skin temperatures of the toes 
reached the average maximal temperature of 34.2°C. with a range from 32.6 to 
35.5°C. while the fingers reached an average maximum of 35.9° with a range from 



Fig. 1 Fig. 2 

Fig. 1. With a basal metabolic rate of -19 per cent, the shin temperature of the toes was 
about 3°C. below the room temperature and one and a half hours after the administration 
of ethyl alcohol it did not approximate that of the fingers. A difTcrence of more than I0°C, 
existed between the skin temperatures of the fingers and toes. After the subject had been 
exposed to the high environmental temperature, the temperature of the skin of the toe 
approximated that of the finger. The vasoconstrictor response of the blood pressure was 
slightly higher after the administration of ethyl alcohol in this subject th.an with the high 
environmental temperature. 

Fig. 2. With a basal metabolic rate of +13 per cent the skin temperature of the toes and 
%e fingers was considerably higher than room temperature and the temperature of the toes 
leadily approximated that of the fingers with both the administration of ethyl alcohol and 
subjection to a high environmental temperature. In this subject, the vasoconstrictor 

lesponse of the blood pressure was slightly higher with the hot environmentaUemperature 

rhan after administration of ethyl alcohol. 


35.4 to 36.rC. The average maximal temperatures were slightly higher under 
the increased environmental temperatures than noth 95 per cent ethyl alcohol 
During the control period, the average basal blood pressure in millimeters of 
mercury for the group was 104.3/73, with a range of 90/50 to 120/94. , During 
the immersion of one hand up to the wwist in water at 4°C. for one minute the 
blood pressure rose to an average in millimeters of merciuy of 124/88 with a 

ZmeaSut in t/e 

S5 stone and 15.4 mm. m the diastolic. 

Approximately one hour after the oral administration of 30 cc. of 95 per cent 
ethyi alcohol when the tempemtnre of the akin of the toee dexoonatmted mo 
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less generalized peripheral vasodilatation, the average basal blood pressure in 
millimeters of mercury for the group was 101.6/71 with a range from 90/55 to 
122/90. Immediately following this observation, the hand was immersed in 
water at 4°C. for one minute. During immersion the average blood pressure rose 
to 121/87 vdth a range from 94/70 to 144/100. The average increase was 20.7 
mm. of mercury in the sj’-stolic and 16.5 mm. in the diastolic. This response of 
the blood pressure was similar to that produced during the control period. At 
another time the average basal blood pressure in millimeters of mercury of eight 
of the subjects, during a control period, was 102.2/69 vdth a range from 90/55 to 
110/75. After exposure of the subjects to an environmental temperature of 
32°C. (89.6°F.).for between one and two hours and when the temperature of the 
skin of the toes demonstrated generalized peripheral vasodilatation the average 
basal blood pressure for the group was 98.8/66.3 mm. of mercury, with a range 
of 90/55 to 110/80. The hand was immersed again in water at 4°C. for one 
minute, and during immersion the blood pressure in millimeters of mercury rose 
to an average of 123.9/87.0 with a range of 108/75 to 150/100. The slight 
changes which took place could not be considered significant. 

A composite picture of some of the variations of the skin temperatures and 
blood pressures is given for two subjects (figs. 1 and 2), one vdth a basal metabolic 
rate of — 19 per cent and the other mth a basal metabolic rate of +13 per cent. 

SUMMARY 

In these twelve normal subjects, irrespective of the basal metabolic rate and 
irrespective of the existing generalized peripheral vasodilatation, the response to 
the vasoconstricting agent was not altered significantly. 
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We have previously reported the production of experimental polycythemia 
in dogs, rabbits and man by the dailj’’ administration of appropriate doses of 
ephedrine sulfate. (1) Amphetamine sulfate rvas also found to be effective in 
augmenting erythropoiesis in dogs (1) and in man (2). The results vvere at- 
tributed to local hypoxia of bone marrow due to the curtailiirent of its blood 
supply through the vasoconstrictor action of these dings. 

The work to be reported here was performed in an effort to determine whether 
other well known vasoconstrictor drags could produce polycythemia, Avben given 
daily in appropriate doses. Epinephrine and solution of posterior pituitary 
were the drags selected for this experiment. It is knovm that polycythemia 
often accompanies human cases of pituitary basophilic adenoma, and it is 
possible that this polycythemia might be due to an associated hyperactivity of 
the adrenal medulla. High doses of pituitrin have been shown to cause experi- 
mental “pituitrin anemia” in rabbits (Dodds ct ah, 3, and Gilman and Good- 
man, 4), which is due to hemolysis of red cells caused by dilution of the serum 
electrolyte as a result of water retention. 

pROCEDTJRE. Dogs and rabbits rvere used in this investigation,. They were 
maintained on constant adequate diets and were allowed water ad libitum. 
Control observations were made on the blood of each animal during a period 
of 3 weeks prior to drag administration. Red cell counts were made regularly 
together rvith estimations of hemoglobin percentage (Hellige). Total leukocyte 
counts were also made at intervals. 

Solution of posterior pituitary was injected subcutaneously into one splenec- 
tomized and two normal dogs in daily doses of 6 and 10 units. The same prepa- 
ration was given to 4 normal and 2 splenectomized rabbits in daily subcutaneous 
doses of 0.5, 1.0 and 2 units, for about 15 days. Epinephrine hydrachloride 
was injected subcutaneously into one splenectomized and two normal dogs in 
daily doses of 0.5, 1.5 and 2 mgm. Epinephrine was also injected daily into 3 
normal and 2 splenectomized rabbits in doses ranging from 0.1 to 0.3 mgm. 

During the experiment, blood samples were drawn only after an interval of at 
least 18 hours following the last drug injection. Precautions were taken to 
keep the animals as free from excitement as possible. Blood was drarvir by 
syringe from the external saphenous veins of the dogs; in the rabbits, blood was 
dravm directly into diluting pipettes from the site of puncture of a marginal 
ear vein. 

^ Research paper no. 531, journal series. University of Arkansas. 
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After about 18 the drug adiainistrations were stopped, and in most 
instances observations on the blood were continued for about 2 weeks thereafter. 

Results. The daily subcutaneous injection of 0.5 to 2 units of solution of 
posterior pituitary into 4 normal and 2 splenectomized rabbits resulted in sig- 
nificant increases (11 to 20 per cent) in their basal erythrocyte numbers within 
9 to 14 days (fig. 1). The animals receiving the lowest dose of posterior pitui- 
tary (0.5 unit) showed the least increase of red cells. The counts returned to 
normal in 10 to 15 da5^s follondng the cessation of drug injections. 

The red cell counts of one splenectomized and two normal dogs were increased 
bj'^ 15 to 21 per cent bj’- the daily subcutaneous injection of 5 to 10 units of 
solution of posterior pituitarj’’ for 10 to 17 days (fig. 2). Hemoglobin percent- 
ages increased correspondinglj'’, but the total leukocyte counts did not change 
significantly. The erythrocjde counts in two of the dogs returned to normal in 
about 10 days following cessation of drug administrations. Unfortunately, the 



Fig. 1. The effect of posterior pituitary solution on four normal and two splenectomized 
rabbits. S indicates splenectomized rabbit. Values at the end of each curve give the daily 
subcutaneous dose in units for each animal. Dash lines indicate cessation of drug admin- 
istration. 

Pig. 2. The development of polycythemia by dogs receiving posterior pituitary solution 
subcutaneously. Values at end of each line indicate the daily dose of drug for that par- 
ticular animal (u = units). Dashes indicate discontinuation of drug injections. S indi- 
cates a splenectomized dog. 

third dog (fig. 2), while verj’" healthy, was accidentally allowed to escape from 
the animal house, and we were therefore unable to study the return of his 
erji;hrocyte count to normal. 

Epinephrine hydrochloride was injected subcutaneously into 3 normal and 
2 splenectomized rabbits in daily doses ranging from 0.1 to 0.3 mgm. As may 
be seen in figure 3, this procedure caused gradual increases in their erythrocyte 
numbers which became ma>dmal after 12 to 18 days of drug injection. After 
cessation of epinephrine administration, the red cell counts returned to normal 
within about 15 day.?. 

Figure 4 shows the development of polycythemia in one splenectomized and 
2 normal dogs which received daily subcutaneous injections of epinephrine 
hydrochloride. The doses given were 0.5, 1.0 and 1.5 mgm., daily. After 15 
days of drug injections, these animals show^ed increases in their red blood cell 
counts of 12 to 21 per cent. The dog which received the highest daily dose of 
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epinephrine showed the least increase of red cells. Hemoglobin percentages 
changed correspondingly wth the erjdhrocyte count, but total leukocyte counts 
showed no uniform or constant change. Red cell counts in all 3 dogs returned 
to normal within 10 to 15 days after cessation of epinephrine administration. 

Discussion. The results indicate that epinephrine and posterior pituitary 
probably caused an increased erythropoiesis in these experiments. Our strong- 
est reason for this belief is to be found in the slow development of polycythemia 
(figs. 1-4) and the' slow recoveiy from the same after discontinuation of the 
drugs. The time relationships correspond generally with those involved m 
the production of polycythemia by exposure to low atmospheric pressure (5). 

The delay in production and recovery from polycythemia also argues, against 
the possibility that our results might be due to blood concentration or. to con- 
traction of blood reservoirs. The relative constancy of the total leukocyte 
counts observed in our experiments on dogs constitutes additional, evidence 



Fig. 3. The production of polycythemia in rabbits by the daily subcutaneous injection 
of epinephrine hydrochloride. S indicates splencctomizcd .animals, and viilues at the end 
of each line show the daily dose of drug for each rabbit. Dashes signifj' discontinuation 
of drug injections. 

Fig. 4. The effect of daily subcutaneous injections of epinepluinc on the erythrocyte 
numbers of dogs. S indicates a splenectoimzed dog. Values at end of each line indicate 
the daily drug dose. Dashes signify discontinuation of drug administration. 

against the possibility of concentration of the blood. The fact that poly- 
cythemia is induced as readily in splenectomized as in normal animals (fig,s. 1-4) 
also suggests that blood reseivoirs probably are not concerned in the develop- 
ment of polycjdhemia caused by epinephrine or postezior pituitary. 

The most likely mechanism by Avhich epinephrine and posterior pituitary 
increase hemopoiesis is probably through the creation of a local hj^poxia of 
bone marrow. This would probably be brouglit about through diminution of 
the blood supply to the marrow by the vasoconstrictor action of the drugs. 

It is peAaps permissible to speculate that the results of these experiments 
may explain the mechanism of the polycidihemia which is sometimes observed 
in pituitaiy basophilism or Cushing’s disease in humans. 

CONCLUSIONS 

The daily subcutaneous administration 0.5 to 2.0 units of posterior pituitary 
solution to four normal and two splenectomized rabbits caused significant 
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increases in their eiythrocj^te numbers -witliin 9 to 14 days. One splenectomized 
and two normal dogs also showed significant polycj^themias after the subcu- 
taneous administration of 5 to 10 units of posterior pituitarj’’ solution, daily, 
for 10 to 17 days. 

The daily subcutaneous injection of 0.1 to 0.3 mgm. of epinephrine hydro- 
chloride into 3 normal and 2 splenectomized rabbits resulted in gradual increases 
in their erythrocjde counts which became maximal after 12 to 18 days. One 
splenectomized and two normal dogs also developed significant polycythemias 
vitliin about 15 da 3 '-s following the onset of dailj’- injections of 0.5 to 1.5 mgm. 
of epinephrine hydrochloride. 

These results are explained b}'- assuming that epinephrine and posterior pitui- 
tary cause increased erji^hropoiesis by inducing a local hypoxia of bone marrow. 
This is presumabl}’’ accomplished through reduction of the blood supply to 
the marrow as a result of the vasoconstrictor action of these drugs. 
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The effect of thj'Toid administration on the oxygen uptake of excised brain 
is well established (Cohen and Gerard, 193/; Rossiter, 1940). Seveial authois 
(Streuli, 1918; Barach, Eckman and Molomut, 1941) have sho\ni that thyroid 
administration increases and thyroidectomy decreases the sensitivity of various 
laboratory animals to anoxia. Therefore, it seemed worthy to investigate the 
effect of thyroid hormones on the electroencephalographie changes induced by 
anoxia. 

Methods. The experiments were performed on unancsthetized rats of ap- 
proximately 250 grams weight. One group of the animals was injected with 
0 . 1 to 0 .2 mgm. thyroxine / 100 gram weight for 9 days . Another group received 
0.2 mgm. thyroxine/100 gram weight for 4 days. The third group was' given 
thyroid powder U. S. P. (Armour and Co.) 100 mgm. per day for 12 days. 
Whereas the thyroxinized rats lost some weight it was not appreciably altered 
in the rats which were treated wdth thyroid powder. Anoxia was produced 
either by allowing the rats to inhale seven per cent oxygen from Douglas liags or 
by exposure to lowered barometi'ic pressure of 280 and 255 mm. Hg. The 
E. E. G. was recorded using phonograph needle electrodes (Hoagland) through 
an Offner crystograph. 

Results. It has been pointed out in an earlier study (Gellhorn and Kessler, 
1942) that no significant changes in E. E. G. are observed when normal rats 
are exposed to 7 per cent oxygen. However, thyroxinized rats (fig. 1) shou' 
profound changes in the E. E. G. under similar conditions. In the first experi- 
ment of figure 1 alpha potentials disappear more or less completely and slow delta 
waves appear. This effect is reversible on readmission of air. In the second 
experiment in which the control shows some delta waves the administration of 
7 per cent O 2 greatly accentuates the delta potentials. Then the alpha potentials 
decrease in size and finally the brain waves disappear almost completeb". In 
this case also the phenomenon is reversible. 

The experiments involving the administration of thyroid powder were less 
effective than those performed with thyroxine. However, definite quantitative 
differences appeared between control and h 3 '^perthjToid animals. In 8 control 
experiments only two animals showed a definite transient increase in delta 
potentials at the lowered barometric pressure whereas the remaining 6 animals 
did not show any significant changes in the E. E. G. In the experimental 
group all animals showed on exposure to lowered pressure electroencephalo- 
graphic changes which consisted either of a transient or a progressive increase in 
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delta potentials or of a complete disappearance of brain waves. This shows 
that electroencephalographic changes were more frequent and more severe in 
the expei’imental than in the control group. 









v4^vvv../v^,Ay^''‘A^^^ 



Fig. 1. The effect of 7 per cent O 2 on the E. E. G. of unanesthetized rats injected with 
thyroxine. Bi control; B 2 and B 3 after one and three minutes of 7 per cent O 2 respectively. 
Bi and Bs 1 and 4 minutes after readmission of air. 

Cl control in air; C 2 and Cj after 2^ and 3 minutes of 7 per cent O 2 . 

C 4 , Ci and Ce, 2, 3 and 9 minutes after readmission of air. 

1 
2 

Fig. 2. The effect of lowered barometric pressure (280 mm. Hg) on the E. E. G. of rats 
which were given thyroid powder by stomach tube. 

1, control at normal barometric pressure; 3, 3 , 4: 1,7 and 12 minutes at 280 mm. Hg; 
5, 10 minutes after readmission of air. 
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Figure 2 shows a marked increase in delta potentials accompanied by a de- 
crease in alpha potentials at 280 mm. Hg. It is interesting to note that these 
effects were only transient (cf. records 3 and 4 of fig. 2) whereas the changes 
induced by anoxia (fig. 1) in thyroxinized rats were alwaj^s progressive. 

Apparently the sensitivity to anoxia as demonstrated by electroencephalo- 
graphic changes is related to the degree of h 3 '^perthyroidism since anoxia produced 
the greatest changes in rats which had suffered loss of weight from the administra- 
tion of thjuoid hormones. 

It should be added that the E. E. G. of the hj'perthju-oid animals at normal 
0 X 3 ^gen tension was unchanged. 


SUMMARY 

The administration of th 3 u-oid powder or of th 3 u-oxine increases the sensitivity 
of unanesthetized rats to 7 per cent O 2 or lowered barometric pressure as shown 
b 3 ^ the greatly accentuated effects of anoxia on the electroencephalogram. 
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An efficient utilization of dietary factors concerned in hemoglobin formation 
is of particular importance to the indhddual Mth a chronic ulcer of the stomach 
or duodenum. Such lesions may result in an excessive blood loss and some of 
the diets used are low in substances contributing to hemoglobin formation . Ant- 
acids are frequently administered in relatively large amounts to this group of 
patients, and it is possible that certain antacids may affect the absorption of iron 
from the intestine. 

lOetzein (1) has shovm that calcium carbonate as well as various other car- 
bonates reduce iron retention in the anemic rat. He suggested (2) that the 
Ca-P ratio in the diet might be an important factor in influencing iron absorp- 
tion. Anderson, hlcDonough and Elvehjem (3) studied the effect of various 
Ca-P ratios in the diet upon iron absorption by anemic rats and found that a low 
ratio favored iron absorption while a high Ca-P ratio resulted in a low assimila- 
tion of iron. A pre^'ious report (4) from this laboratory suggested the likelihood 
of aluminum hydroxide contributing to the anemia observed in dogs subjected 
to the Mann-Williamson operation. Data were presented at the same time 
which showed that aluminum hj’-droxide interferes vath the absorption of phos- 
phoins in dogs as well as in human subjects maintained on a "light ulcer diet.” 

The present study was undertaken to determine the effect of some “antacids” 
commonly employed in the treatment of chronic gastric and duodenal ulcer upon 
iron retention by the anemic rat. The relative dosage of the various anti-acids 
studied was chosen arbitrarily on the basis of what seems to be commonly 
employed comparable therapeutic doses. 

Expeeimental procedure. Animals. Wistar strain rats were made.anemic 
according to the method of Elvehjem and Kemmerer (5) . Yffien the animals were 
definitely anemic (hemoglobin 2-3 grams), each litter was divided into two groups 
with equal distribution of sexes and so that the average hemoglobin content of 
each group was similar. All animals were continued on a milk diet but the main 
daily feeding was Mthheld until all supplements wei’e completely consumed. 
Both the control and the ant-acid-fed group received daily 0.25 mgm. iron as 
ferric chloride, 0.05 mgm. of copper and of manganese as their sulphates. These 
supplements were fed in a small quantitj" of milk. Aluminum hydroxide and 
aluminum phosphate were fed as a 5 per cent and 4 per cent suspension, respec- 
tively; the suspension was mixed rrith an amount of milk that the animal was 
certain to consume and the control gi’oup was likewise restricted. Calcium 
carbonate and magnesium trisilicate were fed as a dry powder mixed with finely 
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powdered cane sugar. The control group received an equal amount of cane 
sugar. All antacids used were shown to contain insignificant quantities of iron. 
The relative amounts of the various antacids fed were determined from the 
follouing considerations: a fairly liberal antacid i^gimen for an ulcer patient 
might require 200 cc. of 5 per cent aluminum hydroxide daily, 250 cc. of 4 per cent 
aluminum phosphate, or 6 grams of either calcium carbonate or magnesium 
trisilicate. The average iron requirement for man is considered to be in the 
vicinity of 10 mgm. daily. Then a comparable intake of iron and antacid would 
be in these proportions. Twenty-five hundredths milligram of iron daily has 
been shovm (6) to cause marked increase in hemoglobin in the anemic rat. This 
amount does not represent an excess of iron and the organism is likely to utilize 
it as efficiently as possible. This amount of iron is approximately one-fortieth 
the daily dosage employed for man, e.g., 5 cc. of aluminum hydroxide, G cc. of 
aluminum phosphate, and 0.15 mgm. of calcium carbonate or magne.sium tri- 
silicate. 

Each animal was caged separately. The cage consisted of an inverted bottom- 
less 3-gallon bottle -with a platfonn made of no. 2 mesh galvanized wire that was 
heavily tinned after construction of the platform. The platform had a diameter 
of 7.75 inches. Each cage had a wooden lid Avith numerous small perforations 
covered with gauze so that the cage is essentially fly-proof. This cage has the 
adA’^antages ascribed to both glass and metal cages, namely, little chance for iron 
contamination or for refection to occur. 

]\'Iethods. Hemoglobin Avas converted to alkaline hematin, according to the 
method of Wu (7) and read in a IQett-Sumroerson photoelectiic colorimeter using 
filter no. 54. The vffiite cell pipette used for measuring the blood for all de- 
terminations of hemoglobin was standardized on a sample of dog’s blood whose 
hemoglobin content was calculated from its iron content (8). Inorganic phos- 
phorus was. estimated by Bodansky’s modification (9) of the Kutner-Lichtenstein 
procedure (10). 

The extent of depletion Avas indicated by the hemoglobin content of the blood. 
After depletion the animals Avere maintained on the supplements for 26 to 28 
days and then killed by ether inhalation. The entire carcass aa'Us ashed in a 
muffle furnace, at 1000°F., dissolved in lij’^drochloric acid, and eA’aporated to 
diyness tAAUce, redissolved in hydrochloric acid, and then made up to a definite 
volume AAdth iron-free Avater and analyzed for iron (8). The color aaus estimated 
in a Klett-Summerson photoelectric coloiimeter using filter no. 54 and a series 
of standard solutions. One group of animals was killed and analyzed at the 
end of the depletion period. 

Experimental results. The results show (table 1) that the depleted rats 
contain approximately 1 mgm. of iron per rat. After 26 to 28 days on a daily 
supplement .of 0.25 mgm. of iron, the entire carcass of the control group averaged 
rom 4 26 to 4.56 mgm. per rat. There is close agreement between the Ararious 
control groups. The antacids that most definitely reduced iron retention were 
aluminum hydroxide and calcium carbonate. The difference between the iron 
content of the control and experimental groups for either of these antacids is 
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quite consistent and striking. The critical ratio of the difference in iron content 
of the aluminum hydroxide-fed group and its control group is statisticallj^ signif- 
icant. The same is true of the calcium carbonate-fed group. The hemoglobin 
content of the blood at the end of the experiment is in satisfactory agreement vdth 
the iron content of the carcass for the various groups and conveys the same im- 
pression as one derives from results on iron content. The iron content of -the 
magnesium trisilicate-fed group is somewhat lower than that of the control group 
and the critical ratio indicates that the difference may be significant. The 
hemoglobin increase in this group was also less than for the control group. 
Aluminum phosphate causes no decrease in iron retention or in hemoglobin 
formation. 
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Discussion. The results obtained in the present experiments are in agree- 
ment vdth the observations mentioned in the introduction. Fifteen-hundreths 
of a gram of calcium carbonate daily is enough calcium to alter the ratio of 
calcium to phosphorus in the diet of rats consuming from 30 to 60 cc. of milk 
dailj’- from 1.2 to approximately 2 or 3 depending upon the amount of milk con- 
sumed. Aluminum hydroxide ingestion irill increase the calcium-phosphonis 
ratio by reducing the available phosphorus. The extent to which this reaction 
will occur depends upon a number of variable factors (4). That the effect upon 
phosphoms absorption was not sufficient to deplete definitel 3 ^ the organism is 
indicated bj' the fact that the phosphorus content of four aluminum hydroxide- 
fed rats varied from 0.650 to 0.6S0 gram per 100 grams of carcass, averaging 
0.663 gram, while four litter mate controls ranged from 0.670 to 0.727 gram per 
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100 grams of carcass mtli an average value of 0.694. However, it is the ratio 
of calcium-to-phosphoras in the intestine which seems to be of importance rather 
than the absolute amount of phosphorus that is absorbed. Since milk is a rela- 
tively phosphonis-rich food, there might be considerable impairment in its ab- 
sorption without producing a depletion of the body’s stores of this element. 
The relatively slight effect of magnesium trisilicate upon iron retention may be 
because there is relatively less magnesium present or because this element does 
not interfere Avith phosphorus absorption to a sufficient degree. The lack of 
effect of aluminum phosphate on iron retention might be due either to the fact 
that it cannot react further vuth phosphorus or because it tends to stabilize the 
reaction of the stomach contents at a lower pH (4). It is not pertinent to com- 
ment concerning the relative effect of these substances upon the reaction and 
secretion of the stomach and intestines. 

From the data presented it is apparent that ingested iron is less efficiently 
utilized when the intake of calcium carbonate or aluminum hydroxide is high. 
To a lesser extent the same tendency is manifested by magnesium trisilicate. 
The impainnent in iron retention could probably be overcome by the ingestion 
of additional iron. It appears reasonable to conclude that the iron intake of 
indmduals ingesting relatively large quantities of these substances should be 
greater than for the average individual. This would be particularly important 
if accompanied by an excessive blood loss. 

SUlMMARy 

It has been shown that calcium carbonate and aluminum hydroxide definitely 
reduce iron retention by the anemic rat ingesting 0.25 mgm. of iron daily, 
hlagnesium trisilicate reduced iron retention somewhat but to a degree that is 
of questionable significance. Aluminum phosphate did not reduce iron retention. 
It is suggested that the iron intake needs to be greater in indmduals consuming 
increased amounts of aluminum hydroxide or of calcium carbonate, than in the 
normal subject. 

Acknowledgment. The authors uish to express appreciation for valuable ad- 
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In previous experiments it was showm that a decrease in plasma volume result- 
ing in shock could be produced experimentally by reducing the peripheral 
circulation. The decrease in blood flow resulted either from hemorrhage , (1) 
or through injecting massive doses of adrenalin (2). It was further showm 
that when the extremities of dogs were traumatized under ether anesthesia a 
reduction in peripheral circulation preceded other signs of oncoming shock (3). 
Compression of the extremities bj* bandage and adhesive tape restricted the 
local fluid loss but did not prevent the reduction in blood volume as shock came 
on after trauma. Follo^ving recovery from total sympathectomy, trauma no 
longer caused a reduction in circulation but still a loss of blood volume was 
observed, greater than could be accounted for by the accumulation of fluid in 
the injured area (3). It was felt that the use of ether as an anesthetic might 
have influenced the results and accordingly the trauma experiments were re- 
peated in dogs after recovery from spinal cord transection. Under these circiun- 
stances it was not necessary to use a general anesthetic. 

Methods. The spinal cord was transected between the first and second 
thoracic vertebrae in eight mongrel dogs. The animals were studied two or 
more days after recovery from this operation. The carotid artery and trachea 
w'ere cannulated imder local anesthesia. Oxygen consumption and arterial 
and venous oxygen and carbon dioxide concentrations were measured. The 
cardiac output was calculated by the Fick principle and blood volume deter- 
minations by the carbon monoxide method were made before and vdthin three 
hours after trauma. Blood pressure was recorded from the carotid arteiy by 
means of a mercury manometer. Peripheral blood flow through an uninjured 
paw was measured by the plethj’^smograph. Hemoglobin and hematociit 
determinations were made on blood obtained from an ear. The muscles of one 
hind leg were traumatized bj'’ 1,000 blow^s with a rubber hammer, according to 
the techmc of Best and Solandt (4), and the bones of the extremity Avere frac- 
tured with a heavy metal bar. Blood loss into the area of injury was restricted 
by binding the extremity as suggested by Freedman and Rabat (5). The loss 
of blood into the area of injuiy was measured bj’’ the dissection technic of Cullen 
and Freeman (6) at the termination of the experiment. The visceral organs 
were examined after death. 

J Aided by a grant from the National Research Council. 

- Eli Lillj' Fellow in Surgical Research. 

’ Fellow in the Harrison Department of Surgical Research. 
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Results. Four control experiments were performed. One of these was 
discarded because of the poor condition of the animal due to wound infection 
and diarrhea. In the other three, as shoum in table 1, there were no significant 
changes in the volume or character of the circulation during the experimental 
period. The coui'se of a single control experiment is shown in figure 1. 

In comparison with these results, after bone and muscle trauma a loss of blood 
volume was consistently observed. This loss of blood volume occurred udthin 
three hours after trauma while the circulation was still well maintained. Figure 
2 shows the results obtained in the most striking experiment. The blood pres- 
sure and peripheral blood flow were not seriously reduced immediatelj^ after the 
trauma in three of the four experiments. A moderate reduction in cardiac 
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• Dog panting. Arterial oxygen saturation reduced. 

t Experiment excluded because of the presence of wound infection and fever. 


output was observed at the end of the experimental period in two of the dogs 
while it was marked in the other two. 

Discussion. It is agreed that tissue anoxia from reduced circulation causes 
capillary damage with consequent loss of plasma volume. The pz’esent experi- 
ments were designed to study the effect of trauma on blood volume where the 
injurious effects of reduced circulation were avoided. In addition, the possible 
complicating influence of a general anesthetic was eliminated bj”- using dogs after 
spinal cord transection. 

Reduced circulation was excluded in the present experiments by transecting 
the spinal cord between the first and second thoracic segments. By this proce- 
dure, not only were pain stimuli from the area of injury prevented, but also 
reflex efferent vasoconstrictor impulses were eliminated. These reflexes might 
have originated from unavoidable loss of blood or from fear and might have 
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caused splanchnic vasoconstriction. Reduced circulation from excessive local 
fluid loss also was avoided by binding the injured areas. 

It is true that adequacy of the circulation to the ^^scera and to the muscles 
cannot be inferred from observations on the blood flow through the paw. The 
maintenance of cardiac output and ox 3 ^gen saturation of mixed venous blood in 
three of the experiments, however, suggests that the general circulation was 
adequate during the experimental period. The moderate decrease in cardiac 
output in experiments three and four might well be attributed to the loss of 
blood volume. Repeated measurements of the peripheral circulation during 
the period after trauma, and before the second measurements of cardiac output 
and blood volume were made, suggested that the reduction in blood volume 
preceded the decrease in circulation. 
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Fig- 1 Fig. 2 

Fig. 1. Effect of experimental procedures on the circulation of the dog after spinal cord 
transection, without trauma. 

Fig. 2. Effect of trauma on the circulation of the dog after spinal cord transection. 


In experiment 1 the blood pressure and blood flow were seriously depressed 
shortlj’’ after the trauma. It is possible that the reduction of blood volume in 
this experiment might have resulted from the circulatory defect. The possi- 
bility of fat embolism was considered as the cause of this fall in blood pressure 
but no fat droplets could be found in the pulmonarj'- capillaries on microscopic 
examination of the lungs. That fat embolism could not have been etiologically 
significant in producing shock in the other experiments was shown b}’' the fact 
that the blood pressure did not fall immediate^ after the trauma. 

The effect of exclusion of sensorj’^ impulses upon the development of shock 
various workers with different results. Simonart (7), 
b laughnessj and Slome (8) and more recentty Freeman and Rabat (5), 
e ie\ ed that nervous impulses were of great significance, while Parsons and 
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Phemister (9), Freedlander and Lenhart (10), Holt and MacDonald (11), and 
Blalock (12) believed that nervous impulses were of secondary importance in 
the genesis of shock. It seems possible that the differences in opinion depend in 
part upon variations in the amount of blood and fluid unavoidably lost at the 
site of injury and upon the use of different criteria of shock. In e.vperiments 
previously reported on the effects of trauma in .sympathectomized dogs we 
judged, according to criteria of blood pressure, blood flow and even of recovery, 
that the process of shock had not been initiated. When we measured the blood 
volume, however, we found that it was reduced more than could be accounted 
for by the loss into the traumatized area. Shock is essentially the process of 
loss of blood volume due to increased capillary permeability. Onlj' by adopting 
the criteria of reduced blood volume or increased capillary permeability is it 
possible to say whether or not the process has been initiated. 

Objection may be raised that the most striking experiment with trauma wns 
selected for comparison with a control experiment. This selection was made 
since in this case, above all, a significant reduction in blood volume occurred 
in spite of a circulation wirich was apparently adequately maintained. The 
evidence in the remaining experiments supported the concept to wiiich we had 
been led. Furthermore, the present experiments confirm the observations 
wiiich were made upon the reduction of blood volume after trauma in sym- 
pathectomized dogs. Under those circumstances reduced circulation was again 
not a significant factor. 

Post mortem examination disclosed congestion of the mucosa of the upper 
intestinal tract with edema of the intestinal wall and even some free fluid in 
the lumen of the gut. These findings are characteristic of shock. Exactly by 
w'hat mechanism this loss of blood volume occurred is obscure. It w’as present, 
although less pronounced, even in the tw'o dogs wiiich were sacrificed wiiile 
their circulation w'as still adequate, i^flien reduced circulation persisted for 
an hour or more, the course of shock appeared to be hastened and the pathological 
changes in the viscera were more intense. 

SUJIMARY AND CONCLUSIONS 

1. Bone and muscle trauma was inflicted upon four dogs after recoi'’ery from 
spinal cord transection. 

2. Four control experiments without trauma were performed. 

3. The adequacy of circulation was determined bj'" measurements of blood 
pressure, peripheral blood flow, cardiac output and oxj’-gen content of mixed 
venous blood. 

4. The amount of fluid loss into the traumatized area was measured and wns 
kept at a low level by binding the injured extremity. 

^ 5. A reduction of blood volume and hemoconcentration occurred after trauma 
m the presence of a well-maintained circulation and in the absence of e.xcessiim 
blood loss into the injured extremities. 

6. Post-mortem examinations revealed pathological changes characteristic 
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7. These findings suggest the action of some factor capable of causing a reduc- 
tion in blood volume not primarily due to excessive local fluid loss or to reduced 
circulation. 
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Several investigators have shovTi that the course of the elimination of nitro- 
gen from the body during the breathing of pure 0 X 3 ^gen follows an exponential 
curve (Campbell and Hill, 1931, 1933; Behnke, Thomson and Shaw, 1935; 
Behnke and Willmon, IQil). The latter authors found that 40 to 50 per cent 
of the total nitrogen was ehminated during the course of the first hour, whereas 
80 to 90 per cent clearance required 4 to 5 hours. No direct determinations of 
the nitrogen content of blood and saliva during clearance seem to have been re- 
ported in the literature. The present paper describes the nitrogen clearance 
from human blood and saliva during a period of breathing pure tank oxygen, as 
determined by a micro-gasometric technique. Small sample.? allowed frequent 
determinations both convenient!}' and accurately. 

Technique. The measurements of the nitrogen content of the blood and 
saliva were made by means of a method for the determination of nitrogen in 
small amounts of blood and saliva and other fluids (Scholander, 1942) . Sam- 
ples of 40 cu. mm. of saliva rvere obtained anaerobicallj’’ from the ducts of the 
sublingual glands. Each subject was in a resting position during the experiment, 
and was provided with a nose mask through which he could breathe pure tank 
oxygen. Samples of blood and saliva were taken and analysed at frequent 
intervals before, during, and after the period of oxygen breathing. 

Results. The figure show's three curves of the nitrogen clearance from the 
finger blood and tw'o curves of the nitrogen cleai’ance from the saliva. Four 
different subjects were used. The samples of normal blood and saliva contained 
an average of 1.02 volume per cent nitrogen, ivith a range from 0.97 to 1.05 
volume per cent. The curves show that the nitrogen was eliminated rapidly 
from both finger blood and saliva during the period of oxygen breathing. Eighty 
to 90 per cent of the nitrogen ivas cleared within the first 10 minutes. The re- 
maining 10 to 20 per cent w'as gradually eliminated during the next 50 minutes, 
after w'-hich time the oxygen mask W'as removed. At the end of 1 hour the ni- 
trogen content of the blood and saliva of the subjects had reached the low' value 
of 0.06 volume per cent. Bej'ond this point the analytical procedure and sam- 
pling were less certain on account of the smallness of the bubble to be measured 
and the danger of air contamination of the samples. When the subj ects breathed 
air again after the removal of the mask, the nitrogen in the blood and saliva 
usually show'ed a transitory rise above normal. This excess in recovery w'as 
also noticed in preliminary experiments, but the reason for its occurrence is 
undetermined. The rate of resaturation of the blood and saliva W'ith nitrogen 
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from the air was practically as rapid as the rate of desaturation during the 
oxygen breathing, and both processes occurred within 10 minutes. The clear- 
ance figures for finger blood nitrogen and saliva nitrogen did not show any sig- 
nificant differences. 

The experiments show that the nitrogen is cleared rapidly from both finger 
blood and saliva as compared with the very slow total clearance, as determined 
by Behnke and Willmon (1941). The clearance curves for the finger blood and 
for the saliva are practically identical and are probably close to the clearance 



Fig. 1. Curves of the elimination of nitrogen from the finger blood and the saliva of four 
different persons at rest. The subjects are represented by the various types of circles. 

curves of arterial blood. They are probably more closely indicative of the 
alveolar nitrogen than of the tissue nitrogen. 

We wish to express our appreciation to Dr. Laurence Irving for his help and 
support. 
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We submit evidence below to show that hemoconcentration as indicated bj^ an 
increase in the venous hematocrit reading does not necessarily represent a change 
in the mass of the circulating red blood cells. By the use of red cells tagged 
rvith the radioactive isotope of iron- we have found that there are no large reserve 
stores of red cells in the dog but that essentially all of the cells are in active 
circulation (5). Stead and Ebert by measurement of the hemoglobin removed 
by phlebotomy and comparison Mth the changes in circulating hemoglobin as 
determined indirectly with plasma volume estimations arrived at the conclusion 
that such was also the case in human subjects (8). The data presented herein 
are in accord with these findings and suggest that a rearrangement of the distribu- 
tion of vascular components must be considered in obtaining an adequate con- 
ception of the status of the circulatorj’- system at a given time. 

That the intravenous administration of epinephrine sometimes results in an 
increase in the peripheral red cell count and the venous hematocrit value was 
pointed out in 1915 by Lamson (7), who felt that the change was due to libera- 
tion of cells stored by the liver. Baveroft and his associates (1) (2) did not 
subscribe to the idea that the liver acted as an important storehouse for red 
cells but stated that the .spleen served in this capacity. Furthermore Barcroft 
(2) as well as Cannon and Izquierdo (3) found that although the administration 
of adrenalin did not invariably increase the peripheral red count, it did cause con- 
tracture of the spleen. The net result of these observations has been the gen- 
erally accepted assumption that when the dnrg epinephrine is given by vein the 
resultant apparent increase of the red cells in the circulation is due to liberation 
of cells due to splenic contracture. 

With a means of differentiating between red cells in active circulation and 
those which might be temporarily sequestered by splanchnic or other storage, 
the above concept should readily lend itself to test. Circulating red cells 
may be tagged effectively by the addition of other cells to the circulation, the 
latter having been foimed in a donor animal of the same species, the hemoglobin 
of which has some of its constituent iron in the foim of the radioactive isotope 
(5) (6) . If the total radioactivity of the injected cells is knorni it becomes pos- 


1 We are indebted to the Eli Lilly Company for aid in conducting this work. 

= We wish to express appreciation to the Radiation Laboratory at Berkeley California 
and in particular to Drs. E. 0. Lawrence and M. D. Kamen for the radioactive iron used 
in these experiments. 
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sible to measure the circulating mass of red cells of the recipient after allo^\ing 
sufficient time for mixing of the cells. If the spleen holds an appreciable number 
of red cells from the active circulation, administration of adrenalin, by contrac- 
tion of this organ, should result in a further measurable dilution of the circulating 
red cell radioactivity. A clear cut demonstration would necessarily be dependent 
on a minimal rate of circulation of red cells in the spleen during the period of 
cell mass estimation. 

Methods. Duplicate blood samples were drawn from the jugular veins of 
adult dogs. Twenty -five milliliters of whole citrated or heparinised blood con- 
taining a kno^vn amount of red cell radioactivity were injected into the same 
vein in a period of about fifteen seconds. After time for complete mixing (6), 
usuall}'’ four or five minutes, 25 ml. of blood were vithdra^vn from the same 
vein into 5 ml. of isotonic (1.4 per cent) sodium oxalate. One-half milli- 
liter of epinephrine (1:1,000) was then injected through the same needle and 
after three minutes another 25 ml. of blood were taken. In some instances 
another injection of donor blood was carried out with subsequent sampling after 
four or five minutes. There was no stasis at any time except during the initial 
venepuncture. The needle was allowed to remain in the vein throughout the 
experiment and was occasionally flushed with blood from the circulation by 
alternately withdrawing and reinjecting a few milliliters of blood vdth a syringe. 
Sampled blood was divided into three parts for triplicate determination of 
radioactivity content and hematocrit measurement. Blood was centrifuged for 
thirty -five minutes at about 2500 r.p.m. Ashing of the red cells, separation and 
electroplating of the contained iron, and determination of the radioactivifcj’’ were 
carried out as described elsewhere (4). 

Radioactive iron was prepared by the method of Wilson and ICamen (9). 

Experimental observations. A preliminarj'- series of injections of epineph- 
rine in the same dosage as used in these experiments showed that under these 
conditions the elevation of venous hematrocrit reading was rather a transient 
phenomenon. The maximum level was reached in the neighborhood of one 
minute and the hematocrit usualty had reached its initial level in five minutes. 
Cell mass was not measured after one minute however since it would not allow 
time for complete mixing. Therefore a compromise was made on a three minute 
sampling, but it must be kept in mind that this might well have affected the 
degree of responses shoivn in tables 1 and 2. 

Under these conditions the increase can be seen not to have been an invariable 
effect obtained following epinephrine injection. In general the response was 
consistent and of about the same degree in the same dog. Some animals re- 
peatedly showed minimal changes and obviously were of no interest for the 
study of relationship between cell mass and hematocrit changes. 

In table 1 it is to be noted that even in the animals in which a fairlj'’ uniform 
increase in hematocrit follows adrenalin injection, when the animals were 
splenectomised the response was aboli.shed. In fact in no animal studied in which 
splenectomy had been performed have we obseiwed such a response. Except 
foi the evidence in table 2, in which there is found no relationship between the 
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red cell mass as directlj^ detennined and the venous hematocrit changes, such a 
finding would be construed as further evidence that the splenic contraction 
following adrenalin normally liberated red cells to the active circulation causing 
an increased hematocrit value. We are not prepared to say on a basis of the 
evidence available what the correct explanation may be. It is conceivable that 
the spleen acts in some altogether different fashion in conjunction with epineph- 
rine to affect the distribution of the vascular constituents. An assumption 
that the circulation rate through the spleen is of the same order of magnitude 
as that of the general circulation, and that the effect of adrenalin is to cause a 
preferential loss of red cells from the splenic pulp while retaining a considerable 
amount of plasma might explain the findings, but there is no evidence to .support 
this here. 

It should also be pointed out that the adrenalin response does not seem to be 
related to the degree of anemia in these dogs, although unexpectedly the greatest 
hematocrit value changes occurred in the extremely anemic animals, 39-196 and 
39-299, table 1. From a vieuTioint of splenic storage it would be difficult to 
conceive of an animal nfith a severe anemia having a reserve of red cells withheld 
from the active circulation. 

Discussion. We may consider in what the mechanism of increased hemato- 
crit values follorring adrenalin may consist. Since the red cells of the dog are 
all in active circulation in the normal and anemic animal (5) (6) the various 
fractions of the vascular fluids which we must consider are then; the red cell 


mass {CV), the volume of plasma in rapid circulation (PVc), and the volume 
of plasma in sluggish circulation (PTA). The normal partition of these fractions 
has been discussed in some detail elsewhere (6). The changes in the distribution 
of these constituents in which we might find an increased venous hematocrit 
reading are then: 

1. An increase in CV rvith no change in PVc . 

2. An increase in CV vdth an accompanying smaller increase in PVc . 

3. A decrease in CV irith a greater decrease in PVc . 


4. No change in CV with an accompanying decrease in PFc . 

Since with the administration of adrenalin it is showm that CV does not change 
greatly we maj’’ assume that condition four above best fits the findings under 
these circumstances. This w'ould, in view' of the rather rapid resumption of the 
hematocrit level to its foimer value after adrenalin injection, indicate a temporary 
movement of some of the PVc fraction to the PF, . It seems doubtful if this 
decrease m rapidly circulating plasma takes place through loss of fluid from the 
vascular system. If it does it should be accompanied by an increased plasma 
protein concentration which was unfortunately not followed in these experiments. 
However the transient nature of the reaction argues against the quite sudden 
loss and gam of vascular fluid within a period of five minutes or less 

f of blood vessels of small inside diameter w'ere markedly 

increased, or if by vasoconstriction the caliber of a large number of vessels 

SJuMorm ’ of i" sluggish 

( ). IS would seem to be a more reasonable explanation of the 
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TABLE 1 


Venous hematocrit changes following the injection of epinephrine by vein 


DOG 

RED CELL HEMATOCRIT 

DOG 

RED CELL HEMATOCRIT 

Initial 

After 

adrenalin 

Rise 

Initial 

After 

adrenalin 

Rise 


per cent 

per cent 

per cent 


per cent 

per cent 

per cent 

40-183 

26.8 

36.1 

29.8 

40-115 splenect. 

31.8 

31.5 

-0.9 

40-183 

38.3 

49.2 

28.4 

40-115 splenect. 

45.7 

45.1 

-1.3 

40-183 

48.4 

55.6 

14.9 

40-194 splenect. 

38.9 

40.0 

2.8 

30-299 

42.4 

49.8 

17.5 





30-299 

36.0 

40.9 

13.6 

36-196 

13.6 

19.6 

44.2 

30-299 

11.9 

16.4 

37.8 

36-196 

23.0 

22.6 

-1.7 





36-196 

26.3 

34.0 

29.2 

41-455 

53.4 

55.5 

3.9 

36-196 splenect. 

29.5 

31.5 

6.8 





36-196 splenect. 

32.9 

34.6 

5.2 

41-557 

43.8 

45.2 

3.2 

1-G 

41.4 

49.8 

20.2 

40-15 

30.8 

36.2 

17.5 

1-G splenect. 

36.7 

37.4 

1.9 





1-G splenect. 

38.1 

38.5 

1.1 

4-E 

45.7 

47.2 

3.3 





4-E 

42.2 

42.7 

1.2 

2-G 

46.1 

48.4 

5.0 

4-E 

23.3 

23.9 

2.6 

2-G splenect. 

28.2 

29.1 

3.2 

4-E 

22.5 

22.3 

-0 9 

2-G splenect. 

30.4 

32.2 

5.9 

4-E 

12.0 

12.5 

4.2 





39-57 

56.0 

59.8 

6.8 





39-320 

23.2 

29.6 

27.6 





39-320 

30.3 

35.6 

17.5 





39-320 

44.5 

51.9 

16.6 





39-320 

48.8 

58.8 

20.5 





39-320 splenect. 

36.8 

36.5 

-0.8 





39-320 splenect. 

38.1 

38.4 

0.8 






TABLE 2 


Relative constancy of red cell inass with increased venous hematocrit follotoing adrenalin 


DOG 

RED CELL HEMATOCRIT ' 

1 

RED CELL CIRCULATING MASS 

Initial 

After 

adrenalin 

Rise 

Initial 

After^ 

adrenalin 

Rise 


per cent 

1 per cent 

per cent ^ 

ml. 

ml. 

per cent 

39-320 

44.5 

51.9 

16.6 

347 

347 

0 

39-299 

36.0 

40.9 

13.6 

366 

369 

0.8 

39-196 

26.3 

34.0 

29.2 

234 

244 

4.3 

39-196 

13.6 

19.6 

44.2 

125 

129 

3.2 

39-196 splenect. 

32.9 

34.6 

5.2 

321 

340 

6.2 

1-G 

41.4 

49.8 

20.2 

470 

490 

4.3 

1-G splenect. 

36.7 

37.4 

1.9 

518 

542 

4.6 
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reaction especiallj'- when the nature of the pharmacological action of epinephrine 
is recalled. We should not lose sight of the possible change in vascular set-up 
vdhch results from partial constriction of vessels such that most of the red cells 
in the axial stream are washed out leaving Avhat amounts to tubes of cell free 
plasma. Such blood vessels are probably contracted to somewhat less that 7 
microns and would contribute greatly to the fraction of plasma in sluggish 
circulation. 

If there is a movement of plasma from the rapidly circulating to the sluggish 
moving state as a result of adrenalin administration the effect is similar to that 
which would be obtained by the removal of plasma from the active circulation 
and therefore the use of adrenalin in certain types of shock might be contra- 
indicated. 

Reasoning teleologically we might say that such a shift in the rapidly moving 
plasma fraction resulting in a hematocrit reading increase might constitute a 
useful mechanism whereby in an emergency when epinephrine is poured into the 
circulation by physiological response, an increase in gas exchange is facilitated. 
The reaction being quite transitory the distribution of the plasma and red cells 
■is then quickly restored to a normal state. 

SUMMARY 

Rdien epinephrine is administered by vein in single large doses to adult intact 
dogs there is sometimes a decided increase in venous hematocrit readings. Some 
dogs unifoimly show a marked increase whereas others rather consistently show 
minimal changes. 

In the animals in wliich there is an increase in venous hematocrit reading there 
is no corresponding change in the circulating red blood cell mass as directly 
determined by means of the donor -isotope-red cell procedure. 

Since splenectomy abolishes the hematocrit response to epinephrine and since 
no reserve cells are found to be poured into the circulation folloiring adrenalin, 
another mechanism than outpouring of reserve red cells from the contracted 
spleen must be postulated to account for the increase in venous hematocrit 
value following the administration of this dmg. 

A suggested explanation of the phenomenon may be an increase in the effective 
number of blood vessels of small inside diameter as well as a reduction in the 
caliber of many vessels by vasoconstriction, both factors leading to an increased 
fraction of plasma in sluggish circulation. 
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In recent years the osmotic effects of hj’^pertonic sucrose solutions have been 
videly utilized in a variety of conditions, particularly for the reduction of 
increased intracranial pressure and for the production of diuresis. 

Articles on the clinical use of sucrose repeatedly state that sucrose possesses 
an advantage over other sugars such as glucose because it does not readily pass 
through capillary walls, does not enter most body fluids and is not absorbed by body 
tissues. This supposed non-diffusibility of sucrose is frequently contrasted to 
the rapid diffusibility of glucose and saline solutions. The expeiimental evidence 
does not support these conclusions. Keith, Power and Peterson (1) found that 
in dogs, a large percentage of the injected sucrose disappeared rapidly from the 
blood stream and could be detected in the tissues. Lavietes, Bourdillon and 
Klinghoffer (2) found that sucrose was distributed in approximately the same 
fraction of the body fluids as thiocyanate and inorganic sulfate, and could be 
used as a measure of extracellular fluid volume . Hubbard and Terplan (3) were 
able to detect sucrose in the spinal fluid followng intravenous injection. In a 
preliminaiy report we presented evidence that sucrose entered readily into cer- 
tain other body fluids (4). 

We have attempted to clarify the confusion regarding the diffusibility of sucrose 
by studying its distribution in patients with abnormal accumulations of extracel- 
lular fluids and by comparing their rate of eliminating sucrose from the blood 
with that of a control group. 

This studj^ has been considerably facilitated by the use of a differential fer- 
mentation method for sucrose which has enabled us to measure very small 
amounts of sucrose vdth considerable accuracy. 

jMethods. Our control group consisted of ten patients admitted to this 
hospital for a variety of conditions but vdthout evidence of renal or circulatory 
failure and vdthout edema or other abnomial fluid accumulations. The second 
group included nine patients vith anasarca, edema, ascites or pleural effusions 
from a variety of causes as shown in table 3. 

Each patient received an intravenous injection of 60 cc. of 50 per cent sucrose 
in a period of approximately five minutes. Reactions Avere feAV and seldom 
alarming. Sterile blood samples AA'ere taken at the intervals shoivn in the tables. 
Sterile body fluids were collected bj’' paracentesis, thoracentesis or by the use of 
large needles inserted subcutaneou-sly in edematous cases. 

Sucrose was determined by the resorcinol method of Roe (5) after differential 
feiTnentation u.sing cultures of B. coli communis (Escherichia coli) and B. coli 
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communior (Escherichia communis). The latter vill ferment glucose, sucrose 
and other sugars ivhile the former inll ferment glucose and other sugars but not 
sucrose. The difference between the two samples, therefore, represents the 
sucrose concentration. Sterile samples (usually 2 cc.) of serum or fluid were 
heavily inoculated with cultures of B. coli communis and communior respectively 
and incubated twenty-four to forty-eight hours. Previous to inoculation, all 
samples were cultured for sterility and any found contaminated were discarded. 
Following incubation a protein free filtrate was prepared by the zinc method of 
Somogyi (6) using a dilution of 1 : 10 for the serum and 1:5 for other body fluids. 
The sucrose concentration in the filtrate was then determined by the resorcinol 
method of Roe for fmctose, using a series of sucrose standards of varjdng dilution. 
Those above 0.5 mgm. per cent were read in a colorimeter. Lower values were 
estimated by direct comparison. 

The blank in the communior sample (from which all sugars had been removed 
by bacterial action) was subtracted from the color in the communis sample. 
This blank almost invariably gave a color less than that equivalent 0.5 mgm. 
per cent of sucrose. 


TABLE 1 


Recovery of sucrose added to serum and to ascitic fluid 


BLOOD SERtni 

1 ASCITIC TLUID 

Calculated 

Determined 

Calculated 

Determined 

84 

92 

36 

37 

42 

42 

11 

12 

17 

16 

2 

1 

2 

2 




We found that the values obtained by the Roe method were similar when 
samples were hydrolyzed and compared with fructose standards and wiien com- 
pared with sucrose standards without hydrolysis. Therefore, sucrose standards 
were used and hydrolysis omitted throughout this study. 

Identical colors w'ere obtained with and without centrifuging after inoculation 
to remove suspended bacteria, showing that the presence of the organisms them- 
selves did not affect color production. Cultures of B. coli communior wTre 
added to glucose and sucrose containing sera and identical blanks obtained, 
indicating that any difference in the fermentation of these sugars did not influence 
color development. Identical blanks w'ere also obtained when each organism 
ivas added to glucose-containing sera indicating that any differences in the 
metabolism of these two strains of the organism did not influence the deter- 
mination. 

We WTre able to obtain good recovery of sucrose added to serum and to ascitic 
fluid as shorvn in table 1. 

Results. 1. Study of the rate of disappearance of sucrose from the hlood stream 
tn patients without evidence of renal or circulatory failure and without abnormal 
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fluid accumidations. Follo-wang the injection of sucrose, blood was taken at 
varjdng intervals in different individuals. The results in the ten patients have 
been combined in table 2. It vail be seen that following an initial high leA’^el, 
there is an early rapid drop followed by a more gradual fall, only traces being 
present after twenty-four hours, the serum containing no sucrose after forty-eight 
hours. These findings are in accordance wth those of Keith and Power who 
were able to recover eighty-nine to ninety-eight per cent of injected sucrose 
within twelve to twenty-four hours after injection (7). 

2. Study of the distribution of sucrose in 'patients tvith abnormal extracellular 
fluid accumidations. The results in patients with abnormal fluid accumulations 
are in marked contrast to the controls. An examination of table 3 reveals 
that sucrose enters the body fluids studied very readily. In the case of edema 
fluid, considerable concentrations were present as early as ten to fifteen minutes 
following the injection. It remained within these body fluids for considerable 

TABLE 2 


Rate of disappearance of sucrose from the blood stream in the control group following 

intravenous injection 


INTERVAL rOLLOWING INJECTION 

BLOOD SERUM 
LEVEL 

INTERVAL rOLLOWING INJECTION 

BLOOD SERUM 
LEV’EL 

Hours 

Minutes 

Mgm. per cent 

Hours 

Minutes 

Mgm. per cent 


2 

320 

18 


4 


5 

312 

18 


1 


5 

258 

21 


2 - 


15 

200 

20 


1.5 


35 

228 

24 


0.7 

2 

45 

104 

24 


1.5 

4 

50 

45 

24 


1.5 

6 

15 

44 

48 


none 

8 


17 

48 


none 

11 


9 





periods of time, these fluids apparently serving as a reservoir for sucrose and 
maintaining a relatively high level in the blood for much longer periods than in 
normal individuals. Initially the sucrose in the blood is much higher than in the 
body fluid, followed by a period of approximately equal concentration, the blood 
level finally tending to fall below that of the fluid. 

Discussion. Contrary to many statements in the literature, our results 
indicate that sucrose diffuses rapidly into body fluids. We realize it is possible 
that in cases with abnoimal fluid accumulations, the capillaries may have greater 
than normal penneability. Nevertheless, it is in just such patients that sucrose 
is often used clinicallj’’ as a diuretic and hence any supposed advantage in its use 
in such instances cannot be based on lack of tissue penetration. To us, it 
seems unlikely that sucrose would fail to penetrate into extracellular fluids even 
in normal individuals since sucrose is a relatively small, non-electrolyte molecule. 
As pre\’iousl 3 ' stated, there is experimental evidence in the literature to .support 
its diffusibility into extracellular fluids. 
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In our experiments, we did not attempt to evaluate the clinical advantages 
of sucrose as compared with other sugars. The amounts of sucrose we injected 


TABLE 8 


Disiribuiion of sucrose in patients vnth abnormal accumulations of extracellular fluids 


t;o. 

CLINICAL DIAGNOSIS 

TLUEDS STTOIED 

INTERVAL AtTER 
INJECnON 

1 

ntOOD SERUM i 
COKCENTRATIOK 

CONCENTRATION 
IN ELTHD 

1 

Hours 

[ Minutes 

Mgm. per cent 

Mgm. per cent 

1 

Cirrhosis of liver 

Abdominal 

n 

1 

211 

72 




24 


52 

60 




51 


20 

27 




97 

i 

9 

9 

2 

1 

Cardiac failure, hydro - 

Pleural 

24 

1 

8 * 

25 


thorax 

1 





3 

i 

Cirrhosis of liver 

Abdominal 

20 


2 

8 

4 

1 Cardiac failure, hydro- 

Pleural 

3 


7 

35 


thorax 






5 

Pleurisy with eSusion 

Pleural 

24 


1 

4 


(tuberculous) 






6 

Cirrhosis of liver 

Abdominal 

23 


6 

25 

7 

Cirrhosis of liver, hypo- 

Edema fluid 


35 


12 


proteinemia 


1 


j 

18 




2 


j 

31 

1 

1 


31 

i 


36 


i 

1 

5 



36 




7 



3S 



1 

1 

24 


8 

10 

8 

Cirrhosis of liver, hypo- 

Edema fluid 


15 


16 


proteinemia 



45 I 


31 



1 


1 


44 



1 

H 



55 



1 




59 



1 

2? 

1 


59 



i 

31 



, 48 




41 

1 

31 





Abdominal 

24 


2 

1 5 

9 

Chronic nephritis with 

j 

Edema fluid 


1 10 

i 



edema 



i 25 


19 





46 


24 




1 . 



31 


i 


1 

20 


33 - 

— 

! 


' 1 

45 


29 


are smaller than those usually employed for therapeutic effect and 
was made to estimate the amount of diuresis, fall in intracranial 


no attempt 
pressure or 
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other clinical effect. Our results should not be interpreted to contradict the 
many articles in the literature wherein the authors claim a superiority for hyper- 
tonic sucrose solutions as compared with those of glucose. However, we do 
believe our experiments indicate that claims to such superiority should not be 
based upon lack of diffusibility into extracellular fluid. 

SUMMARY 

1. An accurate method for the determination of sucrose is presented. Sterile 
samples are incubated with cultures of Bacillus coli communior and Bacillus 
coli communis and sucrose determined by appropriate modification of Roe's 
method for fructose. Since the former organism ferments sucrose while the 
latter does not, the difference in the two samples represents sucrose. 

2. Sucrose was injected intravenously into patients who had no evidence of 
renal or circulatory failure and without abnormal fluid accumulations, and its 
rate of disappearance from the blood stream was studied. Only traces were 
present after twenty-four hours and the serum contained no sucrose after forty- 
eight hours. 

3. In patients with abnormal extacellular fluid accumulations, sucrose was 
found to diffuse rapidly into ascitic, pleural and edema fluids, following intrave- 
nous injection. These fluids were found to act as reservoirs for sucrose, so that 
it was retained in the tissues and remained at relativelj’’ high levels in the blood 
for long periods of time. 

The authors udsh to ex-press their gratitude to Mrs. Elfriede Fendt Sicari for 
her technical assistance in the bacteriologic phases of this stud 3 ^ 
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IMost investigatoi-s have believed that the cardio-accelerator fibers are in a 
state of tonic actmty. Hunt (1) working Avith anesthetized dogs found that 
section of the accelerator nerves to the heart seldonr failed to cause slowing. In 
experiments cited on three dogs, the heart rates before cutting the acceleiatoi 
nerves were 237, 219 and 174 beats per minute. After cutting the accelerator 
nerves, these heart rates fell respectively to 159, 138 and 159 beats per minute. 
Hunt noted this decrease in the heart rate follovfing section of the cardio-accele- 
rator fibers regardless of the drug used as the anesthetic agent and when anes- 
thesia was produced by section of the crura cerebri or by compression of the 
cerebrum. 

Bronk and his collaborators (2, 3, 4) studied the activity of the cardiac sympa- 
thetic center by recording the action potentials in the cardiac-nerves from the 
stellate ganglion of the cat. He found a continuous discharge of impulses from 
these accelerator nerves which he interpreted as evidence for tonic activit}’- of 
the accelerator nerves. 

Gasser and Meek (5) studied the effect of removal of the stellate ganglia on 
the heart rate of trained dogs at rest. In this instance the normal pulse rates 
of the dogs at rest were determined by making them lie quietly until the pulse 
rates no longer decreased. The stellate ganglia w^ere removed and after the dogs 
recovered their resting heart rates were again determined. The resting heart 
rates of the six dogs reported ranged from 78 to 140 beats per minute before 
removal of the stellates. After the removal of the stellates, the range of the 
resting heart rates was from 66 to 80 beats per minutes. This decrease in the 
resting heart rate after the removal of the stellates suggested accelerator tone. 

In the present work dogs were trained until their resting heart rates reached a 
value which was low and consistent on consecutive determinations and which 
was considered the basal resting rate. The effect of cardiac sympathectomy on 
this basal rate was then investigated. 

Methods and results. To establish the basal heart rates normal dogs were 
trained by gentle methods to lie quietly on a table for a period of 60 minutes 
each day. The dogs were not allowed to eat any food during the 12 hour period 
preceding each rest period. Extraneous noises were reduced to a minimum and 
the apprehension of the dogs was also reduced as much as possible. The animals 
did not go to sleep while on the table. Pulse rates were taken frequently by 
palpation from the femoral artery until the dogs became accustomed to the 
procedure. Some of the dogs were accustomed to the electrocardiograph elec- 

' Supported in part by a grant from the Wisconsin Alumni Research Foundation. 
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trodes and to the noise made by the machine so that heart rates could be ob- 
tained by watching the beam of the electrocardiograph and electrocardiograms 
could be taken to verify the heart rates obtained by palpation. Since sinus 
arrh 5 dhmia frequently accompanied slow heart rates, the pulse was counted for 
60 seconds each time the heart rate was determined. 

Resting heart rates were obtained on 24 dogs. In table 1 it can be seen that 
the average heart rate before conditioning the dogs was 96 beats per minute. 

TABLE 1 


Resting heart rates of dogs at near basal conditions and the effeet of cardiac sympathectomy on 

such rates 


DOG NO. 

HEART RATE 
BEFORE 
CONDITIONING 

USUAL RANGE OF HEART RATE AT NEAR 
BASAL CONDITIONS 

TIME OF LAST 
OBSERVATION 
AFTER SYMPA- 
THECTOMY 

HEART RATE OF 
LAST OBSERVATION 
AFTER SYMPA- 
THECTOMY 

Before 

sympathectomy 

After 

sympathectomy 


beais/mitt. 

beats/min^ 

beais/min. 

days 

beals/min. 

1 

100 

56-65 

60-65 

70 

72 

2 

95 

42-50 

42-50 

24 

45 

3 

95 

42-55 

42-55 

70 

48 

4 

95 

45-55 

48-55 

34 

48 

5 

90 

44-50 

54-60 

55 

60 

6 

no 

55-65 

60-65 

21 

64 

7 

96 

46-65 

54-65 

21 

58 

8 

90 

43-55 

42-55 

35 

■ 55 

9 

112 

52-60 

48-60 

12 

58 

10 

96 

44-50 

48-50 

11 

48 

11 

95 

57-65 




12 

SO 

55-60 




13 

85 

55-60 




14 

90 

44r-55 




15 

95 

50-55 




16 

95 

44r-50 




17 

130 

44-50 




18 

120 

45-50 




19 

85 

55-60 




20 

90 

45-50 




21 

96 

45-50 




22 

85 

50-60 




23 

SO 

48-55 




24 

90 

50-60 




Average 

96 

50-56 





This rate was obtained on the first day of conditioning after the animal had lain 
quietlj’’ for at least 10 minutes. Also recorded in table 1 is the usual range of 
the heart rates of each of the dogs at near basal conditions. The lowest rate in 
this range was obtained in some dogs after a very few daj'^s and on several occa- 
sions. However, vdth other dogs a period of several weeks of conditioning was 
necessary before such a rate could be obtained, and even then it might be reached 
onlj’- once during the period of conditioning. After the basal heart rate was 
leached it seldom varied on consecutive determinations b 3 '' more than 10 beats 
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per minute by tbe end of the 60 minute rest period. Twelve of the twenty-four 
dogs had a resting rate of 45 beats per minute or less on at least one day while 
the basal rates were being determined, and no rate failed to slow below 58 beats 

per minute during the period of conditioning. 

In 10 of the trained dogs the stellate ganglia and sympathetic chains with the 
upper five thoracic ganglia were removed. The surgical procedure was com- 
pleted in a single stage in all of the dogs except dog 3. In this animal a two 
stage removal was perfomed noth the second stage following the first by a week. 

After the dogs recovered the resting heart rates were again observed. The 
resting rates on the first few days following the sympathectomy were consider- 
ably above the basal level, but only the dog from which the sympathetics were 
removed in two stages failed to return within 14 days approximately to the heart 
rates before sjonpathectomy recorded in table 1. Six of the dogs returned to 
the normal basal rate nuthin 7 days. In dog 6 there was an increase of 10 beats 
per minute in the resting heart rate after the sympathectomy Dog 7 showed 
an increase of 8 beats per minute after the sympathectomy. In the remaining 
dogs there was only a difference of 5 beats per minute or less from that estab- 
lished as the basal resting rate before the operation. Thus no significant differ- 
ence between the basal heart rates before and after the removal of the accelerator 
nerves was found although 8 of the dogs were tested for 21 days or more follow- 
ing the sympathectomy. 

Tiffs is erddence opposed to the general idea that the acccleratoi-s are in a 
constant state of torffc activity. 

Discussion. Since the present data show that the heart rate of the normal 
dog at rest may be brought into a range of 42 to 65 beats per minute, the results 
of Hunt should not be indicative of accelerator tonus in a normal resting dog. 
lender the conditions of his experiment there is no doubt that the accelerator 
center in his dogs was in a state of activity, in some cases almost maximum 
activity, as evidenced by the very high heart rates he obtained before the cardiac 
sympathetics were cut. Even after cutting the cardiac sympathetics the heart 
rates Hunt obtained were considerably above those found for the normal resting, 
unanesthetized dog as given in the present report. 

Gasser and Meek did not bring their dogs to a basal level, meaning the lowest 
rate that could be attained by training. Undoubtedly, however, the care sub- 
sequent to the operation brought their animals somewhat nearer such a level, 
as is indicated by the uniformity in the pulse rates after the removal of the 
stellate ganglia. If a true resting rate was not attained before the operation, 
any approach to it after the removal of the stellates would naturally have been 
attributed by these authors as evidence of the loss of accelerator tone. 

Bionk and his collaborators (2, 3, 4) have shown that in nembutalized cats 
there is a more or less constant flow of impulses out over the cardiac sympa- 
thetics. However, these impulses were reduced or abolished by conditions 
winch increase vagal tone such as adrenalin injection or increased pressure in 
the carotid sinus. This would indicate that as the cardio-inhibitory center was 
stimulated the accelerator center was reciprocally inhibited. 

These results of Bronk’s are not inconsistent vuth the present observations. 
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Under ordinary conditions the heart is partly held at a higher rate by reduced 
vagal tone. Evidence for this may be found in the results of atropine injection 
which at once raises the basal resting rate, and in the motility of the heart rate 
in exercised animals deprived of their sjonpathetics as shovm by Gasser 
and Meek. 

In view of past work and the present data it would seeih that the accelerators 
in the intact animal are concerned vith adapting the heart rate to any of the 
constantly occurring changes in bodily conditions. During the ordinary waking 
hours both the vagal and accelerator centers are being constantly bombarded 
by impulses from various sense organs and psj’’chical regions of the brain. Thus 
the heart rate is constantly maintained above its possible basal rate both because 
of reduced vagal tone and increased accelerator tone. However, when the 
animal is shielded from these effects of sensation and emotion to a considerable 
extent as is done when a basal heart rate is reached, the accelerator mechanism 
ceases its activity and the heart rate slows to a rate determined largelj'- or entirel}’’ 
by vagal tone. For this basal rate it does not matter whether the accelerator 
mechanism is in existence or not. The accelerator mechanism would therefore 
seem to be truly an emergency mechanism. 

If this conception holds it would be the function of the vagus to determine a 
true basal resting rate. In a trained animal Ijdng comfortabl}'’ in a noiseless 
room there would be notliing to throw the accelerator mechanism into acti^dty 
either by direct sensory impulses or by a reflex secretion of adrenalin sufflcient 
to affect the heart directl.y. In this resting condition the accelerators do not 
seem to be in tonic activity, otherndse the basal resting rate before and after 
cardiac sympathectomj'’ could not be identical. 

SUMMARY 

The near basal heart rates of normal unapprehensive dogs that had been 
vdthout food for 12 hours and had rested quietly for 60 minutes ranged from 50 
to 56 beats per minute. 

Bilateral removal of the stellate and upper 5 thoracic ganglia failed to result 
in an appreciable change in this basal heart rate. 

The author -wishes to thank Dr. W. J. Meek and Dr. C. R. Allen for advice and 
assistance in this work. 
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In a general way, we Imow the subsistence requirements of the essential food- 
stuffs, but it is uncertain what amounts are necessary for the highest efficiency, 
and little is knorni about what effects the sudden Mthdrawal of any of the dietary 
essentials may have upon a man’s capacity to carry on his usual work. The 
present experiments are a contribution to one aspect of this problem. Sedentary 
subjects lived on a diet grossly deficient in the vitamin B complex. The course 
of the deficiency was followed by the amount of thiamine excreted. in the urine, 
since this reflects closely and rapidly the dietary intake of thiamine (23). In 
addition most students of experimental B deficiencies have stressed the constant, 
early appearance of easy fatigue as a sjnnptom (15, 29). Therefore, particular 
attention was paid to the reactions of our subjects to easy work in the shape of 
walking uphill and to exhausting work in the shape of running uphill on a motor- 
driven treadmill. 

Our results show clearly that under the dietaiy regime described below, all 
subjects become deficient at least in thiamine Mthin three or four weeks, that 
there is measurable physical deterioration in this time, and that brewers’ yeast 
is a complete and adequate supplement to the deficient diet that we used. 

Experimental procedure. For clarity in the rest of the paper the various 
periods in the experiment on each subject will be called, in order, the norynal 
period before, lasting about one week, in 'which the subject ate his usual, diet; 
the deficient period, lasting from three to four weeks, during which he ate the 
diet deficient in the vitamin B complex; the yeast period, lasting one or two 
weeks, in which he continued the deficient diet, but took brewers’ yeast every 
day; and the normal period after, in which he reverted to his usual diet.. The 
periods followed each other Mthout interraption, and the subject carried, on his 
usual laboratory and hospital duties all the time. The measurements described 
in detail below were made in each period. 

The seven subjects were healthy physicians between 27 and 42 years of age. 
None was a trained athlete, and all were leading the sedentary life customarv 
among laboratory workers. They were allowed unlimited amounts of unfor- 
tified white bread, soda crackers, butter, cheddar tj'^pe cheese, macaroni, spa- 
ghetti, polished rice, farina, heavy cream, sugar, honey, molasses, tapioca, salad 
offj white, ice cieam, puffed rice, coffee, tea, salt, pepper, vinegar, hard 
candies, and gelatine. Each day they had small amounts of orange juice, 
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grape juice, onions, and lettuce; and twice a week, veiy small portions of meat, 
fish or poultry. 

The caloric intake was not restricted, the subjects being urged to try to keep 
their weight constant. The average intake was from 2500 to 3000 calories 
dailJ^ Ever}'^ attempt was made to keep the protein intake adequate, especiall}’’ 
by consumption of cheese. In addition, the subjects took dailj'- doses of halibut 
liver oib containing 8500 I.U. of vitamin A and 1700 I.U. of ^dtamin D, and 50 
mgm. of ascorbic acid.^ By present standards and tables (4, 5) the diet was 
adequate in riboflavin, certainl}'’ deficient in thiamine, and presumably deficient 
in nicotinic acid, pantothenic acid and pyridoxine. However, data on 
these last three are unsatisfactorjq nor are subsistence requirements for them 
well known. Therefore, the present paper deals mainly with the specific prob- 
lem of thiamine deficiency. 

At the end of the deficient period, each subject began taking thirt 5 ''-six grams 
per day of Standard Brands’ brewers’ yeast type 2019,^ for which the analysis is: 


Thiamine 200-300 micrograms per gram 

Riboflavin 70 micrograms per gram 

Nicotinic acid 600 micrograms per gram 

Pantothenic acid 200 micrograms per gram 

Pyridoxine 85 micrograms per gram 

Protein 45 grams per 100 grams 


A. Observations 07i the subject at rest. a. Samples of urine were collected for 
24 hours frequentl 5 ^ Their thiamine content was estimated by the method of' 
Egana and Meiklejohn (7). b. At the end of the nonnal period before and at 
the end of the deficient period, thiamine saturation tests were made after the 
method of Robinson, Melnick and Field (23). The subject took 5 mgm. of 
thiamine hydrochloride by mouth and then collected two successive twelve-hour 
specimens of urine. This type of saturation test is indicative of deficiency 
when only a small percentage of the dose of thiamine is excreted, c. The 
uiinary nitrogen excretion of three subjects was measured throughout all four 
periods in order to estimate the protein intake. Routine estimations were made 
for all subjects of plasma protein, erythrocytes, leukocytes, hemoglobin, cell 
volume, and differential count, d. Basal observations. His basal metabolic 
rate was estimated by the open circuit gasometer method. Urine was collected 
for estimating his basal nitrogen, lactate and pyruvate excretion. Venous blood 
was taken for estimation of sugar, lactate and pyruvate, e. Weight was 
measured at frequent intervals. /. Complete urinalj''ses were made on all 
urine samples, g. Careful watch was kept for dermatological signs, h. Electro- 
cardiograms were taken in each period, i. For three subjects, vibration sense 
was tested quantitatively ■Rath the pallesthesiometer. j. For two subjects, 
estimations were made of the free thiamine and diphosphothiamine in blood 
cells and plasma. 

^ We thank Abbott Laboratories for a gift of ascorbic acid and halibut liver oil, and 
Standard Brands, Inc. for the brewers’ yeast used in this work. 



VITAMIN B COMPLEX DEFICIENCY IN SEDENTARY IMEN 


733 


B Observations on i-esponses to exercise. The routine followed in these ob- 
servations was changed in detail liut not in principle after the first four subjects 
had been studied. We merely made more different observations on the last 
group of three subjects. The response to exercise was measured on a motor- 
driven treadmill as previously described (22), wallcing first for 15 minutes at 
3.6 m.p.h. and then running to e.xhaustion at 7 m.p.h. on an 8.G per cent grade. 
No subject was able to run longer than four and a half minute.s. The measuie- 
ments made duiing the work ivere ventilation, oxygen consumption, carbon 
dioxide excretion, and pulse rate. As soon as he was exliausted, the subject 
sat on a stool and his oxygen debt was estimated for ten minutes in three periods 
of 1, 2 and 7 minutes. At 5 minutes after the ran, capillary blood was drawn 
for estimation of sugar and lactate, and blood pressure was taken at intervals. 
After this period of 10 minutes, the subject lay on a bed and his oxygen debt 
was measured up to one hour’s recovery. Pulse rates were taken manually at 
intervals and venous blood was drawn at 16, 30, 45 and 60 minutes for estimation 
of sugar, lactate, and pyravate. At the end of this period a sample of urine 
was obtained covering the whole period of exercise and recovery. Lactate, 
pyravate and nitrogen were all estimated in these samples, and a complete 
urinalysis was made. 

The various analytical procedures were: Gasometric analyses by standard 
methods ; lactate by the method of Edwards (6) ; pyruvate by the method of Lu 
(IS) vith the additional precaution of stabilizing the pyruvate by iodoacetate 
after Bueding and Wortis (3) ; blood sugar by the method of Folin and Malmros 
(9); urinary nitrogen by the method of Keys (17); blood diphosphothiamine by 
the method of Goodhart and Sinclair (10). 

Results. Out of the verj^ large number of observations, there were some 
positive findings and many negative ones. No single subject showed all of the 
changes described below, but a majority did. In general, a single subject would 
show either no change in a particular function, or else he would react like the 
rest of the group, never showing the reverse of what other subjects did. 

A. Dietary observations. Table 1 lists the changes in one subject in weight, 
daily urinary nitrogen excretion, and daily thiamine excretion in the different 
periods. Conclusions to be drawm from these data for all subjects are: (1) 
Caloric intake was adequate in three cases; the maximal weight loss in any of the 
other subjects was 8 pounds. (2) Protein intake was adequate, at least 60-80 
grams per day as calculated from the urinary nitrogen, the proteins consumed 
being mostly first-class proteins. (3) Thiamine deficiency was definite irithin 
four weeks, as measured by daily thiamine excretion (see fig. 1 and table 1) and 
by the thiamine saturation tests which are summarized in table 2. It is seen 
that the percentage of the test dose excreted in 24 hours was invariably much 
smaller in the deficient period than in the noimal period before. (4) Administra- 
tion of yeast was followed by restoration to very high levels of the excretion of 
thiamine daily. 

'B. Observations on the subject at rest. a. In agreement with the observations 
ot other students of early B complex deficiency (15, 29), the symptoms of our 
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subjects were somewhat ill defined. A general feeling of lack of well being Avas 
noticed by five subjects, easy fatigue by five, loss of efficiencj’- in the daily work 

TABLE 1 

Significant ‘positive and negative findings in sedentary subjects 


PERIOD 



SUBJECT 


Deficient 

Yeast 


TYPE or 


Normal 

before 



Day 



Normal 

after 

MEASUREMENT 




7 

14 

21 

3 

10 



AA’eight (kilos) 

R. D. 

92.6 

92.3 

91.5 

91.3 

90.7 

91.3 

92.5 

Nutritional 

Nitrogen excretion (grains in 24 hours) . 
Thiamine excretion (micrograms/24 

R. D. 

15.7 

11.1 


10.0 

11.2 


15.3 

state 

hrs.) 

R. D. 

61 

17 

10 

0 

250 

730 

200 


BMR (calories/sq.m. and hr.) 

J. W. 

35.2 

36.3 

35.8 

34.4 

36.6 

36.3 

38.7 

Basal data 

Non-protein RQ 

J. AV. 

0.S5 

O.Sl 

Iwil 

0.76 

0.80 

0.84 

0.85 


% of BMR due to carbohydrate 

J. AV. 

37 

31 

25 

16 

26 

39 

40 


Blood lactate (mg. %) 

J. AV. 

9 


7 

8 

7 

11 

11 


Blood pyruvate (mg. %) 

R. D. 

0.6 

1.0 


1.0 

1.6 

1.2 

1.0 • 


A'entilation (cc./kilo and min.) 

Oxygen consumption (cc./kilo and 

R. D. 

670 

680 

700 


690 

080 

670 

i 

AA'alking uphill 

min.) 

R. D. 

27.7 

27.0 

28.0 

28.8 


26.4 

26.7 


Maximal heart rate 

R. D. 

167 

161 

164 

165 

173 

165 

103 


Maximal Os consumption 

J. W. 

41.7 

45.3 

43.8 

44.4 

45.2 

43.6 

45.0 

Running 

Maximal COs output 

J. AV. 

55.5 

57.4 

54.0 

54.6 

55.2 


55.2 

uphill 

Maximal heart rate 

J. AV. 

200 

193 

1 

195 

194 

194 

198 

200 


Maximal blood sugar (mgm. %) 

R. J. 

156 

137 

120 

128 

124 

132 

134 

Recovery after 

Maximal blood lactate (mgm. %) 

J. AV. 

145 

142 

fDOH 

127 

133 

136 

125 

running 

Maximal blood pyruvate (mgm. %) . . 

R. D. 

4.9 

5.0 

4.6 

4.9 

5.1 

4.7 

4.9 


Oxygen debt in 1 hour (cc./kilo) 

J. AV. 

169 

161 

174 

157 

149 

157 

162 



TABLE 2 

Thiamine saturation tests 

Each subject took 5 mgm. thiamine hydrochloride by- mouth and then collected two 
successive samples of urine covering twelve hours each. 


SUBJECT 

THIAMINE EXCRETION IN 24 HOURS AFTER TEST DOSE 

Normal before 

Deficient 


tntcrograms 

micrograms 

Br 

789 

127 

Da 

795 

109 

Eg 

746 

241 

He 

365 

118 

Jo 

460 

97 

Wh 

708 

116 


by five, sleepiness, lethargy and lack of ambition b3'’ three, forgetfulness by tAVO, 
constipation by one, poor appetite bj’’ tAA’o, irritability b}'' tAA^o, paresthesias by 
tAA’O, gastro-intestinal upsets in the shape of slight nausea or diarrhea by two. 
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and mnscle and pint pains during motion by one. The sum total of these 
s^unptoms is not striking; although none of the subjects felt perfectly u'ell, none 
of them suffered acutely. After beginning to take yeast the subjects recovered 
relatively slowly and three subjects felt worse for a few days than at any tune 
premously By the end of the yeast period all felt perfectly well, even though 
they continued to eat the deficient diet. It was characteristic that certain 
subjects did not realize that they had been in poor condition until they improved 
after taking yeast, h. At the end of the deficient period, two subjects had notice- 



Fig. 1. Urinary excretion of thiamine, heart rate at rest and during activit 3 ’’, and pul- 
monary ventilation during moderate exertion, of sedentary subjects before, during and 
after deficiency in the vitamin B complex. 


TABLE 3 


Free ihiamine and diphosphothi amine in the blood of subject unit 


semobs 

THlAiSINE 

INTAISE 

THIAitmE 

EXCRETION 

mUSJKS 

CEU,Vol.WrE 

DIPHOSPHO- 

THIAMIKE 

IN CEIXS 

PREE 

THIAMINE 

IN CELLS 

FREE 
THIAirOTE 
IN PLASMA 

Normal before 

Deficient 

Yeast 

Normal after 

fRicragms. 
f>er day 

1,000 

190 

10,171 

2,000 

micregms, 
fer day 

85 

6 

1,354 

201 

per cent 

39.2 

40.7 

41.0 

42.0 

micragms. 
per 100 ml. 
■a/iole blood 

7.2 

3.0 

3.5 

10.0 

micragm!. 
per 100 ml, 
whole blood 

2.4 

1.0 

2.7 

2.5 

micTogms. 
per 100 ml. 
whole blood 

1.5 
Trace 

0.7 

1.6 


able cheilosis and scaling at the angles of the nose; these cleared up within a feiv 
daj’-s after taking the yeast. No subject had any signs ivithin the mouth. 
c. No abnormality was observed in the three subjects on whom quantitative 
measurements of vibratory sense were made by the pallesthesiometer. d. The 
changes in thiamine and diphosphothiamine in the blood of subject W are shonm 
in table 3. By the end of the deficient period ivhen his urinary thiamine excre- 
tion was only 6 mierograms per day, the diphosphothiamine and the free thiamine 
m the cells and the free thiamine in the plasma had reached low levels. Even 
after 10 daj^.s of yeast, these values were not back to normal, except for the free 
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thiamine in the cells. Onl}^ after 10 days of normal diet were they all back to 
normal. This slow return corresponds to the slow disappearance of sj'-mptoms 
exliibited by this subject, e. The urine remained normal \nth respect to volume, 
specific gravity, albumin, sugar acetone bodies, and formed elements. /. There 
were no significant changes in the plasma proteins, erythrocytes, leukocj'tes, 
hemoglobin, cell volume or differential counts, vith the exception of a tendency 
in two subjects to a slight normochromic normocj'tic anemia. 

Electrocardiograms (leads 1, 2, 3, and 4-F) were taken on all subjects before, 
during and after the test period. Considerable care was taken to en.sure unifor- 
mity of procedure. The tracings were always taken after a rest period vdth the 
subject recumbent and usually under strictlj’- basal conditions. The electro- 
cardiograph was tested for accuracy, the standardization recorded on , each 
lead strip, and the same chest area was always used in taking lead 4-F. A 
minute analysis was made of the amplitude, form and duration of the several 
waves and intervals including the Q-T interval according to the formula : 

In 5 out of the 7 cases there were no significant differences in any of the 
electrocardiographic measurements; in the remaining 2 there were alterations 
in the T waves which require special comment. In one subject, the electro- 
cardiogram taken before the test period shows a lower amplitude of the T waves 
wliich require special comment. In one subject, the electrocardiogram taken ber 
fore the test period shows a lower amplitude of the T waves in leads 1 and 2 
than at any time during the test period of one month or afterward. It was con- 
cluded that the vitamin deficiencj’’ which the subjects developed had no appre- 
ciable effect on the electrocardiogram. In one other subject there was slight 
but progressive lowering of the T waves in the limb leads during the test period. 
Wlien yeast was added to the diet the T waves returned to their normal ampli- 
tude. Thus, in 7 subjects who were on a diet deficient in vitamin B, for periods 
up to one month, onlj^ one had electrocardiographic changes and these were of 
a minor character. 

The experience of various investigators has not been unifoim with respect to 
the electrocardiographic changes in patients vith beriberi or in subjects vith 
induced vitamin B-1 deficiencj''. Aalsmeer and Wenckebach (1) and Hashimoto 
(11), who have studied patients in the Orient vdth beriberi, have emphasized 
the fact that the electrocardiograms are rarelj'’ abnormal even in the presence 
of marked cardiac insufficiency. There were occasional exceptions to this rule 
and Hashimoto had described a case of acute pernicious beriberi in which negative 
T waves in lead 1 of the electrocradiogram became upright 50 hours after the 
administration of vitamin B-1. Minor changes in the electrocardiogram includ- 
ing sinus tachycardia, right axis deviation, and slight alterations in amplitude 
of QRS and T waves. 

Significant changes in the electrocardiogram on the other hand have often 
been observed in patients mth occidental beriberi (usuallj’' multiple vitamin de- 
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ficiency) (5). Kepler (16), in Ws oft-quoted case report, states that the electro- 
cardiogram Avas normal, but inspection of the record rcveals sagging of the RS-T 
segments in leads 1 and 2 and abnonnally low Amplitude of the T waves m all 
leads. Scott and Hermann (24) observed low voltage, iirver ted T waves and 
other abnormalities in the electrocardiograms from patients with beriberi and 
suggested that even in mild cases definite myocardial changes may occur. 
Weiss and Wilkins (28) observed abnormalities in the electrocardiograms from 
all but 5 of 57 patients with vitamin B deficierrey but with no clinical evidence 
of heart disease. However many of the electrocardiographic alterations were 
of a minor character and most of tlreir patients were in an age group when electro- 
cardiographic abnormalities arc frequently seen. 

Observations on induced vitamin B-1 deficiency in man have shown (29) 
that although characteristic signs and sjnnptoms develop they do not re.^-emblc 
beriberi in any of its typical forms. Only minor alterations in the electro- 
cardiogram have been observed consisting chiefly in a diminution of the ampli- 
tude of the T waves. These alterations do not occur in all srrbjects and usually 
appear only after long periods of deficiency. They rapidly disappear after the 
administration of vitamin B-1. Individual variations, age of the subject, 
initial state of nutrition, the degree of activity, teirrperaturc of the emdrorrment, 
and nutritional deficiency other than \ntamrn B-1 are some of the variables 
which may account for the inconsistent results. 

Our ouTT experience leads us to conclude that irr healthy young sirbjects, 
vitamin B (chiefly B-1) deficiency for short periods rarely causes significant 
changes in the electrocardiogram. The electrocardiographic alterations observed 
in patients with beriberi, especially in the Occident, may be due to prolonged 
nutritional deficiency, often in old patients with some degree of underljdng 
heart disease. The rare occurrence of electrocardiograpliic abnormalities in 
patients with Oriental berilreri is difficult to explain, but may be due in part to 
the acute onset of the disease often in young and otlreruise health^’’ subjects. 

Basal functions (table 1 and fig. 1). a. The BhlR decreased in the subjects 
who lost weight, and did not change in those who maintained their weight. 
The nonprotein RQ decreased steadily in two of the three subjects on whom it 
was measured most carefully, and increased again in the yeast period. The 
interpretation of this is obscure. It is the opposite of rvhat is usually seen when 
a diet high in carbohydrate is eaten, h. The basal pulse rate decreased in four 
subjects who lost weight, and did not change in two who maintained weight. 
This is in agreement with the observations of Benedict et al. (2) on the effects 
of simple inanition. It is not the tjqrical bradycardia of beriberi heard disease 
(28). The basal blood pressure was not changed, c. Basal blood sugar, blood 
lactate, blood pyi-uvate, and urinary lactate and pymvate were not changed. 
These observations lend weight to the view that these measurements are of 
httle diagnostic use in early thiamine deficiency, since changes in them are small 
and inconstant (25, 26, 29), in contrast to changes late in the course of thiamine 
deficrency in animals (8, 27), and in man (20). 

C. Observations on the response to exercise. 1. Response to moderate work 
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(walking uphill), a. Functional cardiovascular alterations appeared in a major- 
ity of the subjects. In contrast to the tachycardia of beriberi and other types 
of thiamine deficiency, cur subjects showed, during the deficient period, either 
their normal rise of the pulse rate during walldng, or else an abnormally small 
rise. The pulse rate in recovery after Avalking likewise tended to be abnormally 
slow. These changes were reversed in the yeast period. The blood pressure 
showed no significant changes in anj' period or subject, h. The blood lactate 
and blood sugar showed no significant changes from the normal, c. The oxygen 
consumption and carbon dioxide excretion during this moderate work tended 
in most cases to increase slightly as deficiencj’’ progressed. The mechanical 
efficiency, measured by oxj’-gen consumption, therefore was impaired by the 
deficiency (see table 1). This impaiiment was reversed when j'east was added 
to the deficient diet. 

2. Response to exliausting work (mnning uphill), a. The duration of this 
run is an important measure of physical fitness. In the deficient period it was 
abnoimally short in two of the three fittest subjects. More significant than 
this change is the fact that five of the six subjects were able to run longer in the 
yeast period than in either of the normal periods, b. The response of the blood 
pressm-e remained normal. The pulse rates showed significant alterations in the 
deficient period. In contrast to the tachycardia of beriberi (1, 28) our subjects 
tended to have an abnormally low maximal pulse, or else their usual response 
(table 1 and fig. 1). Even more significant was the fact that all subjects during 
the deficient period were abnormall}’’ slow in attaining their maximal heart 
rate during the run. These changes were all reversed in the j^east period, c. 
The maximal oxygen consumption and maximal carbon dioxide output remained 
the same in all periods (table 1). This suggests that no earl}" defect in the oxi- 
dation-reduction systems of the muscles is to be found, and that the decarboxylat- 
ing mechanisms remain unaffected in early deficiency, d. In contrast to animals 
(8) and man (12, 20) in late severe thiamine deficienc}', our subjects had abnor- 
mally low maximal blood lactates, blood sugars, and urinary lactate and pyruvate 
excretions when deficient. Blood pyruvate was not affected. 

3. Recovery after exhausting exercise, a. The blood pressure showed incon- 
stant variations from subject to subject, and period to period. The pulse rates 
were either normal or slightly slower, h. There were neither significant changes 
in the total oxj’^gen debt, measured for one hour, and its rate of repajunent, nor 
in the total carbon dioxide excretion and its rate of excretion, c. The rates of 
removal of excess lactic acid, pyru^dc acid and sugar from the blood stream, 
calculated according to the equation of Margaria and Edwards (19), were unaf- 
fected by the deficiencj’', although the maximal levels were lower in the deficient 
period. This finding contrasts markedly vfith what is seen in human beriberi 
(12, 21) and in animals (8). 

4. Quantitative variations in physical fitness before, during, and after de- 
ficiency. a. In moderate work: As deficiency progressed, moderate exercise 
tended to cause an abnonnallj’^ high pulmonary ventilation. These changes are 
shown in detail for one subject exposed at intervals to moderate work in the 
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shaoe of i-unning on the level at 7.0 m.p.h. (fig. l). This increased ventilation 
is perhaps associated ivith the easy fatigue noticed by the subjects, and may 
perhaps be regarded as incipient dyspnea on exertion, ihore tended to be a 
progressive decrease in mechanical efficiency m easy ivork as de.scribcd above. 
This decrease was reversed by addition of yeast to the diet. h. In exhausting 
work- A quantitative index of fitness for hard exertion has been described by 
Jolmson, Brouha and Darling (13). I\dien applied to our subjects it show.s 
that in the deficient period there was impairment of fitness in four subjects and 
that all subjects improved in the yeast period (tabic 3). In fact, most of them 
were fitter in the yeast period than in the finst or second normal periods, c. In 
repeated exhausting work: One of the most significant. s>nnptoms, noted espe- 
cially by the two fittest subjects, was that after a single bout of e.xhauslnig 
e.xercise in the deficient period, subjective recovery before a second bout one 


TABLE 4 

Physical fitness for hard work 


(Expressed as index of fitness according to Johnson, Brouha and Darling, poor being below 

40; good, above 75) 


SUBJECT 

KOEITAL BEFORE 

DEFICIEKT 

1 

VEAST 

NORMAL AFTER 

i 

Jo* 




1 

First run 

63 

60 

1 6S 

I 71 

Second run, 1 hour later 


08 

1 So 

t 

IVh* 

1 


1 

i 

First run 

47 

50 

5S 

50 

Second run, 1 hour later 


45 

oS 


He 

3S 1 

33 

37 

32 

BI 

37 ' 

30 

45 

37 

D.a* 

22 

21 

26 

2S 

Eg 

17 

17 

24 

20 


* These subjects exercised at least twice a week throughout the experiment. 


hour later, and actual perfoimance of the second bout, were abnormally poor. 
This phenomenon was measured and the fitness indices for the first and second 
exhausting runs in each period are sliorni in table 4. It is seen that the first run 
was better in the yeast period than in the deficient period; the second run was 
much better in the yeast period than in the deficient period ; in comparison to the 
first run, the second ivas much lietter in the yeast than in the deficient period. 
It IS worth mentioning that these measurable improvements agreed very ivell 
with the subjects’ ovm feelings in the two periods. Tlie practical conclusions 
may be dianm that B complex deficiency leads to diminution of fitness for a 
gle bout of exliaustmg work; to an even more marked unfitness for repeated 

E complex in ouv eubjects 


accompanied ndthin four weeb by regular changes only in mE 


was 


g three 
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ways: 1. The urinary excretion of thiamine dropped to low levels, and the 
percentage of thiamine excreted after a test dose was lowered. 2. Most of the 
subjects had mild sjTnptoms. 3. There was moderate deterioration in physical 
fitness characterized by an abnormal increase in the pulmonary ventilation during 
moderate work, by a decreased abilitj’- to -withstand exhausting work and espec- 
ially by a decreased capacity for repeated exliausting work, reflecting clearly 
a lack of adequate recuperation. 

All of the other measurements both cardiovascular and metabolic, showed no 
regular or constant alteration from period to period. In particular there were no 
characteristic changes in the electrocardiogram, in the blood pressure, blood 
lactate, blood pyruvate, blood sugar, urine lactate, or urine pyruvate at rest, 
during or after exercise. In other Avords, none of the metabolic and cardiovas- 
cular signs found in late deficiency can be relied upon to detect early deficiency. 
In general, it can be said that symptoms and signs relieved by yeast are very 
likely due to previous deficiencj’- in the B complex. 

The moderate deterioration in our sedentai-y subjects is strikingly different 
from what is seen in manual laborers exposed to a diet deficient in the B complex, 
who suffer Avithin 5 days serious impainnent of their fitness for sustained hard 
AA^ork and complain of acute sjTnptoms (14). 

SUM3SIARY 

1. SeA^en healthy physicians subsisted on a diet deficient in the vitamin B 
complex, but adequate in caloiies and in proteins, for periods up to four Aveeks, 
then added brewers’ yeast to this diet for tAvo Aveeks, and finally reverted to a 
noi-mal diet. 

2. Deficiency, at least of thiamine, within 4 Aveeks Avas demonstrated by anal- 
ysis of the daily thiamine output and by the rate of excretion of test doses of 
thiamine. 

3. The symptoms were mild and vague, the most constant being easy fatigue, 
loss of ambition and loss of efficiency in daily work. 

4. There Avas moderate deterioration of the subjects’ physical fitness for ex- 
hausting exercise, and, particularly, poor recuperation betAA^een repeated bouts of 
exhausting exercise. 

5. The aboAm changes AA'^ere the only regular findings in the deficiency, and 
they were all reA^ersed by addition of breAA'ers’ yeast to the diet. 

6. All other metabolic measurements shoAA'ed slight abnormal changes or none 
at all in rest, moderate exercise, exhausting" exercise and after exhausting exercise. 
These measurements Avere oxj’^gen consumption, carbon dioxide excretion, blood 
lactate, blood pyiniA^ate, blood sugar, urine lactate and urine pyruvate. 

7. Tlie cardioA^ascular changes AA^ere inconstant. There AA'as never a tachy- 
cardia on exertion. On the contrary, the subjects tended to have abnormally 
slow heart rates in moderate exercise and in exhausting exercise. There Avere no 
abnormal changes in the blood pressure. In only one subject did the electro- 
cardiograph shoAA' significant changes. 

8. It is emphasized that under the conditions of these experiments only the 
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amounts of vitamins found in the urine, and sjTnptoms and signs suggesting 
deterioration of the efficiency of the -whole organism can be relied on to detect 
early deficiency. 

9* S 3 Tnptoms and signs that are cleared up by administration of brewers’ 
yeast in adequate amounts are suggestive of deficiency in the B complex. 

10. These findings on sedentary subjects are contrasted vith rapid and 
striking effects of vitamin B complex deficiency in men doing daily hard work. 

REFERENCES 

(1) Aalsmeer, W. C. and K. F. Wenckeb.ach. Arch. f. inn. Mccl. 16: 193, 1929. 

(2) Benedict, F. G., W. R. Miles, P. Roth and H. hi. S.mith. Human vitality and 

efficiency under prolonged restricted diet. Carnegie Inst, of Washington, 1919. 

(3) Bueding, E. and H. Wobtis. J. Biol. Chem. 133: 5S5, 1940. 

(4) Co-WGiLL, C. Vitamin B requirements in man. Yale Univ. Press, 1934. 

(5) Eddy, W. H. and G. Dalldorf. The avitaminoses. Williams & Williams, 1941. 

(6) Ed-wards, H. T. J. Biol. Chem. 126: 571, 1938. 

(7) EgaSa, E. and a. P. Meiklejohn. J. Biol. Chem. 141: 859, 1941. 

(S) Fisher, R. B. Biochem. J. 26: 1410, 1931. 

(9) Folin, O. and H. Malvros. J. Biol. Chem. 83: 115, 1929. 

(10) Goodhart, R. S. and H. M. Sinclair. Biochem. J. 33: 1099, 1939. 

(11) Hashimoto, H. Am. Heart J. 13 : 580, 1937. 

(12) Inawashiro, R. and E. Havasaka. Tohokd J. Exper. Med. 12: 1, 1928. 

(13) Johnson, R.E.jL.Brouha .AND R.C.D.arling. Rev, Canadiennede Biol. In press. 

(14) Johnson, R. E., R. C. Darling, W. H. Forbes, L. Brouha, E. Egan'a and A. Gr.ay- 

BiEL. J. Nutrition, 1942. In press. 

(15) JoLLiFFE, N. Symposium on vitamins. Chicago Univ. Press 1942. 

(16) Kepler, E. J. J. A. M. A. 86: 409, 1925. 

(17) Keys, A. J. Biol. Chem. 132: 181, 1940. 

(IS) Lu, G. D. Biochem. J. 33 : 249, 1939. 

(19) Marg.aria, R. and H. T. Edwards. This Journal 107: 681, 1934. 

(20) Platt, B. S. and G. D. Lc. Quart. J. Med. 6: 35, 1936. 

(21) Platt, B. S. and G. D. Lu. Biochem. J. 33: 1538, 1939. 

(22) Robinson, S. Arbeitsphysiol. 10: 251, 1938. 

(23) Robinson, W. D ., D. Melnick .and H. Field, Jr. J. Clin. Investigation 19:399, 1940. 

(24) Scott, L. C. and G. R. Herremann. J. A. M. A. 90: 2083, 1928. 

(25) Shils, M. E., H. G. Day and E. V. McCollum. Am. J. Med. Sci. 201: 561, 1941. 

(26) Taylor, F. H. L., S. Weiss and R. W, Wilkins. J. Clin. Investigation 16: 833 1937 

(27) Thompson, R. H. S. and R. E. Johnson. Biochem. J. 29: 694, 1935. 

(28) Weiss, S. and R. W. Wilkins. Ann. Int. Med. 11: 104, 1937. 

(29) Williams, R. D., H. L. Mason, R. M. Wilder and B. F. Smith. Arch. Int Med 

66: 785, 1940. ’ 

(30) Williams, R. D. and T. D. Spies. Vitamin Bi. Macmillan, 1938. 



THE ACID-BASE -EQUILIBRIUM OF THE BLOOD IN EXERCISE 
E. S. TURRELL and S. ROBINSON 

Frotn the Department of Physiology, Indiana University Medical School, Bloomington 
Received for publication May 4, 1942 

An increased blood lactate in humans dining exercise is accompanied by a 
decrease in base bound as bicarbonate consequently causing a decrease in the 
CO 2 combining capacity of the blood. The reaction 

BHCO3 + Lactic acid B (lactate) + H2CO3 

and the associated extra output of CO 2 through the lungs acts as one of the prin- 
cipal buffering mechanisms of the body. However observations upon the rela- 
tion of the magnitude of changes in lactate and CO 2 capacity have been contra- 
dictory. Mellanby and Thomas (1920) and Evans (1922), by addition of lactic 
acid to drawn blood, found that the decline in CO 2 content was less than the 
increase in blood lactate. Results of similar experiments performed in tliis 
laboratory have shoivn close agreement yet the picture is not identical vith 
that seen in blood drawn after exercise. In six observations on blood drawn 
after exercise, Barr, Himivich and Green (1923) obtained wide variations and 
found a greater change in blood lactate than in CO 2 capacity in only two cases. 
Dill, Talbott and Edwards (1930) found in general a greater decline in CO 2 
capacity of the blood. Dennig et al. (1931) found approximately equal changes 
when the blood lactate rose to 10 mEq. per liter. Robinson and Harmon (1941) 
found that the decreases in CO 2 capacity, at physiologically high concentrations 
of blood lactate, were smaller than the corresponding increases in lactate. 

By further study of this problem we have attempted to relate changes in 
blood lactate, CO 2 capacity, and serum pH and to detennine the role of the 
various mechanisms in buffering acid as it is accumulated during exercise. Sam- 
ples of blood were draivn from human subjects in the basal state and after 
exercise on the same day. Various intensities of exercise, which consisted of 
running on a motor driven treadmill or in competitive races, were used to pro- 
duce different concentrations of blood lactic acid in the men. For comparison 
of changes in pH, CO 2 capacity, lactate, and related changes in available base, 
arterial blood samples were dravm under oil and treated irith heparin. Sev- 
eral samples of venous blood were used in the comparison of the variations in 
lactate concentration irith those of CO 2 capacity. Blood lactate was deter- 
mined by the method of Edwards (1938), and plasma protein by micro-Kjeldahl 
analj^sis. Hb 02 and CO 2 capacity were determined bj’" equilibration of blood 
with O 2 and CO 2 pressures of 200 and 40 mm. Hg respective^ at 37°C. as de- 
scribed by Dill in Henderson’s book (1928). Analyses of blood samples for 
])oth content and capacity of HbOj and CO 2 were done on the Van Slyke appa- 
ratus. The pH values of arterial blood samples were calculated by means of 
the Henderson-Hasselbalch equation and some over the entire range of values 
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obtained were checked by the electrometric method as described by Dill, Daly 
and Forbes (1937). The two methods checked each other very closely, ihe 
term “COo capacity” as used here is defined as the CO 2 content of oxygenated 

whole blood at 37'’C. and 40 mm. HgCO; tension. ^ . 

Results. Figure 1 reveals a distinct relationship between the increase in 
lactate (A lactate) and the decrease in CO 2 capacity (A CO 2 capacity) . Increases 
of lactate up to 4 mEq. per liter are accompanied l>y approximately equivalent 
decreases in CO 2 capacity. In this range almost all of the base used m neu- 
tralization of the acid is obtained from base bound as bicarbonate. However, 
as the concentration of base bound as bicarbonate is decreased beyond this 



Fig. 1 . Fig. 2 

Fig. 1. Increases above the basal level of blood lactate (A lactate) in relation to corres- 
ponding decreases in CO- capacity (A CO- capacity) of the blood of men after various 
intensities of exercise. 

Fig. 2. Increases above the basal level of blood lactate (A lactate) plotted against cor- 
responding decreases of available base from bicarbonate (A BHCO 3 ), serum proteins (A BPa) 
and cell proteins (A BPe) in arterial blood drawn after various intensities of exercise. The 
straight line indicates equal changes of lactate and base. 

point by higher lactate concentrations the ratio of — becomes pro- 

A lactate 

gressively smaller. With the accumulation of lactic acid the pH of the blood 
decreases and approaches the isoelectric point of the blood proteins decreasing 
their base binding capacity and releasing base for neutralizing the acid. Thus 
as the concentration of lactic acid becomes higher the plasma proteins and hemo- 
globin account for a greater fraction of the base used to neutralize the accu- 
mulated acid. 

^ Calculations of changes in the arterial blood samples have revealed the rela- 
tion of increases in lactate concentration to decreases in available base from 
bicarbonate, cell proteins, and plasma proteins. Decreases in base bound as 
bicarbonate in the whole blood (A BHC 03 )b were calculated from values of the 
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COo tension and content. Base contributed bj'- plasma proteins (A BPs) has 
been calculated from the data of Van Slj’^ke, Hastings, Hiller and Sendroy (1928). 

BPs = 0.104 (gram protein) (pHg — 5.08) 

Grams of plasma proteins per liter of blood were calculated from protein analy- 
sis of plasma and hematocrit determination of plasma and cell volumes. Simi- 
larl}’- the decrease in base bound bj'- protein in the cells (A BPc) has been calcu- 

TABLE 1 


Arterial blood changes in exercise 



Alactate 

uEq./1. 

AGO} CAPACITX 
MM./l. 

ApHs 

ACBHCOAb 

ilEQ./l. 

ABPc uEq./I. 

ABPb iiEq./1. 

1 

-0.3 

1.2 

0.03 

1.0 

0.14 

0.12 

2 

2.2 

-2.1 

-0.03 

-2.3 

-0.13 

-0.04 

3 

3.5 

-3.1 

-0.07 

-1.8 

-0.25 

-0.21 

4 

4.5 

-4.1 

-0.05 

-3.5 

-0.48 

-0.17 

5 

5.5 

-4.3 

-0.09 

-3.8 

-0.83 

-0.32 

6 

5.5 

-5.0 

-0.11 

-4.3 

-0.68 

-0.37 

7 

6.2 

-4.6 

-0.11 

-4.8 

-0.91 

-0.37 

8 

6.5 

-5.1 

-0.07 

-6.5 

-0.72 

-0.24 

9 

7.7 

-6.1 

-0.11 

-7.1 

-1.30 

-0.48 


7.8 

-6.4 

-0.07 

-6.7 

-1.25 

-0.46 

11 

8.5 

-6.5 

-0.14 

-6.7 

-1.50 

-0.41 

12 

11.6 

-9.0 

-0.18 

HISB 

-1.86 

-0.71 


17.0 

-11.5 

-0.30 


-3.23 

-1.12 

14 1 

21.1 

-13.6 

-0.38 


-4.05 

-1.49 

15 

21.6 

-13.5 

-0.40 

HB 

-4.14 

-1.70 



Fig. 3. The relationship of increases above the basal level of blood lactate (A lac a e) 
and decreases in CO2 capacity (A CO- capacity) to the decline of pHs (A pH,) of aitena 
blood after various intensities of exercise. 

lated from the formula for oxygenated cells derived by Dill, Edwards and 
Consolazio (1937). 

BPe = HbOat-O.S (pHc)- + 10.625pHc - 48.46] 

In table 1 have been tabulated the changes found in 15 arterial lilood samples 
drawn after exercise. The increases in blood lactic acid (A lactate) are about 
equivalent to corresponding combined decreases in available base accoiding 
to the equation 

A lactate = A(BHC 03 )b + ABPg -f- ABPo 
T his relationship is represented in figure 2. 
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Figure 3 shows changes in the pH of arterial blood serum (ApHs) as related to 
A lactate and A CO 2 capacity. Throughout the range of lactate concentrations 

studied the ratio of is almost constant being only slightly greater at 

A pHa . 

high values of lactate. In contrast the ratio of ^ capacity 

as the CO 2 capacity is lowered. This again demonstrates the decreased buffer- 
ing action of bicarbonate as the concentration is lowered. 

The maximum ApHs of —0.40 pH units Avas a decrease, measured in a well- 
trained athlete, from a basal pHo value of 7.37 to a pH* of 6.97 after work. 
Bock, Field and Adair (1923) and others have measured similarly low pH» 
values in diabetic coma. It has been our experience that lactate values of 
22 mEq. per liter are not uncommon in trained athletes after hard races. In 
such cases the arterial pHa probably drops to about 7 .0 yet these athletes show 
no ill effects aside from a breathlessness after the race from which they soon 
recover. 


SUMMARY 

Blood samples drawn from human subjects in the basal state and after vari- 
ous intensities of exercise were analyzed for O 2 and CO 2 capacity, lactic acid, 
plasma proteins, and serum pH. Comparison of increases in lactate concen- 
tration (A lactate) and decreases in COa capacity (A CO 2 capacity) up to 4 mEq. 
per liter showed approidmately equivalent changes. Beyond this point de- 
creases in CO 2 capacity became progressively smaller than corresponding in- 
creases in lactate concentration. Base for neutralization of the lactic acid at 
low concentrations was obtained principally from bicarbonate. At the higher 
lactate concentrations hemoglobin and plasma proteins accounted for an 
increased fraction of this base. Decreases in serum pH of arterial blood (A pHs) 
varied directly with A lactate and A CO 2 capacity. The maximum blood lactate 
value measured tvas 22 mEq. per liter with a corresponding serum pH of 6.97. 
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In 1938 Fisher, Magoun and Ranson (1) reported that cats with small electro- 
Ij^tic lesions in the anterior hypothalamus failed to come into heat and that if 
such lesions were placed in pregnant cats abnormal deliveries or failure to de- 
liver occurred. These results led the writer to test the sexual behavior of a 
group of rats which had been prepared for a stud 3 '^ in diabetes insipidus (2). 
The findings in these rats were lafer amplified bj'^ the preparation of another 
series. In all of these animals electrolytic lesions were placed in the anterior 
hypothalamus vdth the aid of the Horslej’--Clarke stereotaxic instrument (3) as 
modified for the rat (4). No changes in sexual behavior were noted in those 
rats with bilateral lesions in the lateral half of the anterior hj’-pothalamus. In 
some of the rats with medially placed lesions, however, there was found constant 
vaginal estrus with refusal to mate Avhile a few others exhibited constant vaginal 
diestrus. Only a few of the rats studied were males but, although the lesions 
were quite minute, an occasional rat refused to mate. The location of the lesions 
and the behavior of some of these rats were apparently quite similar to those of 
the male and female guinea pigs reported by Dej’’ et al. (5, 6, 7 , 8, 9, 10). 

In all of the rats mth electrol 3 d;ic lesions which showed sexual abnormalities 
the damage included portions of the medial half of the anterior hypothalamus 
but many with lesions in this region seemed quite normal and it proved to be 
impossible to correlate sj’^mptoms with lesions. Since the possibility existed 
that the sexual abnormalities found could be explained on the basis of pituitary 
damage even though this gland were far removed from the anatomical limits 
of the lesion (Ingram, (11) has suggested a similar explanation for disturbances in 
carbohydrate metabolism folloiving hypothalamic lesions in cats) it was decided 
to attempt the destruction of portions of the anteromedial hypothalamus by 
some other method which might minimize this possible damage. 

The following procedure was finally adopted. Using a small dental crown 
saw, a small cut was made in the calvarium just caudad of the coronal sutuie. 
Through this opening a knife was plunged at a predetermined angle to the base of 
the brain. The first knife used was prepared from a thin dental spatula 3 mm. 
wide with a rectangular end. Later a 4 mm. instrument was made from a thin 
razor blade and a wire guide was used to insure the proper angle. In most 
cases the plane of section passed caudad of the anterior commissure and reached 
the base of the brain between the middle of the optic chiasma and the anteiioi 
border of the median eminence. The high moi’talit}'^ (over 50 per cent) perhaps 
precludes the use of this method in other animals. 

The first five males and all the females were allowed to recuperate from the 
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immediate effects of the operation and were then placed vdth animals of the 
opposite sex in large cages. Daily vaginal smears were made on the females 
until a pregnancy sign was found or until the animals were sacrificed while the 
males were observed at irregular intervals. After recoveiy from the immediate 
effects of the operation the remaining thirteen males, which were not sexually 
mature at the time of operation, were placed with females of the same age in 
small cages (1 male and 1 female per cage). Those males which sired normal 
litters were sacrificed while the remainder (10) were rotated between large cages 
Mith four females and small cages with one female. All these normal females 
were smeared daily. Two males were sacrificed when plugs or sperm were found 
in the vaginal smears of the females the 3 ’^ were with. This left eight rats which 
had been vdth from 10 to 13 different normal females during 20 to 30 periods of 
estms. For a terminal experiment eight normal females whose AM smear 
consisted onty of round nucleated cells were chosen. Beginning at 11:30 a.m. 
these were tested for heat at hourly inteiwals by placing a normal male ^^ith them. 
After the first female came into heat (3:30 p.m.) the remaining eight experimental 
males were rotated repeatedlj’- tlwough the cages containing the females in heat. 
There were two cages with three females and one cage with two females. Each 
male was left Mth a group of females for ten minutes. At 6:30 p.m. all the 
females were in heat (i.e., had accepted normal males). There was onlj- one 
male, a markedly obese animal, which did not make the preliminaiy investigations 
such as are made by normal males — smelling and licking the external genitalia of 
the females, ruffing the hair of the shoulder region, etc. This was done, hmvever, 
in a rather cursory manner and thej" did not show the intense excitement such 
as is usually seen in nonnal males. In an attempt to increase the sexual excite- 
ment of the females and thus, possibly, that of the experimental males, normal 
males were placed with the females and allowed to copulate once or twice. This 
procedure markedlj’- increased the excitement of the females but affected only 
one male. The exception, a slightly stunted individual, w'hich previous^’’ had 
shown only perfunctory interest in the females began mounting and copulating. 
For the remainder of the test period this rat’s activity was almost identical with 
that of a normal male. By 9 p.m. when the experiment wms concluded each of 
the males had had at least 30 chances (times rvith females times the number of 
females per cage) to mate. 

There were onl 5 '- five females in the series. All of these ran normal sexual 
cycles and four became pregnant and delivered litters. Only one of the four 
suckled her young, how'ever. Since the behavior of the other three seemed 
comparable to that of the occasional young female which refuses to care for her 
first litter these three w^ere bred several times but they repeatedlj’- refused to 
suckle their young. These three w-ere sacrificed three daj^s after the delivery of 
their final litters. Their mammary glands w'ere fixed after the manner of Jeffers 
( 12 )^ and their glands were compared with those of a normal female which was 
sacrificed three days after delivery and whose litter wms killed when born. 
Histologically there wrs no difference betw^een the glands of the normal and the 
experimental animals. Sperm and plugs w^ere repeatedly found in the vaginal 
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smears of the one rat which failed to become pregnant, but neither pregnancy 
nor pseudopregnancy resulted.- Despite repeated attempts (sometimes two 
males of proved potency were kept in the cage \vith tliis female) no changes in 
the length of the cycle occurred. 

All the animals were killed by decapitation, the brains were removed and fixed 
in formalin, the reproductive organs were fixed in Bouin’s and all the tissues 
were embedded in paraffin. A few of the brains were sectioned transverselj'-, 
in these it was difficult to determine if the lesion reached the base of the brain; 
others were sectioned sagittally, in these the lateral limits were hard to define; 
the remainder and most satisfactory were sectioned horizontally. All were 
mounted seriall}^ and stained with cresyl violet. 

A study of the brains of these rats, in contrast to that of the animals vith 
electrolytic lesions, was quite instructive. If one considers first those animals 
which showed definite abnormalities of sexual behavior one must be guided bj'- the 



Figs. 1 and 2. Diagrammatic reconstructions of the most rostral (fig. 1) and the most 
caudal (fig. 2) lesions in the group of rats with symmetrical lesions and normal sexual 
behavior. Abbreviations as follows: AC, anterior commissure; IC, internal capsule; F, 
fornix-; BV, lateral ventricle; MT, mammilothalamic tract; OC, optic chiasma; OT, optic 
tract; SM, stria medullaris; SV, third ventricle. 

principle that the smallest lesion which abolishes a given set of responses is the 
most important. Unilateral damage failed to abolish sex-ual behaxdor but several 
males whose lesions barelj^ crossed the midline failed to copulate. This may 
perhaps indicate that some structure concerned in the integration of sexual 
behavior may lie adjacent to the third ventricle. However we occasionally find 
in our colony a male or female rat, othervdse normal,’ which refuses to copulate 
or to become pregnant. If one approaches the problem from the other, angle, 
that is, if one studies onl5- those rats which showed normal or approximately nor- 
mal sexual behavior then one maj'' discai’d all animals with asymmetrical lesions 
and one does not have the normal variation in sexual drive to consider. There 
were ten rats in this group, 8 males and 2 females. The lesions of two of these 
are shown diagrammatical^’- in figures 1 and 2. In making these drawings the 
horizontal sections were projected upon appropriate transverse sections from the 
brain of a normal rat. 
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These two lesions are the most rostral (fig. 1) and the most caudal (fig. 2) of 
the group. Laterally they extend beyond the fornices but their exact ventral 
extent was difficult to determine and it is possible that at least some of the fibers 
occupying a very superficial position on the base of the brain may have escaped 
destruction. The lesions in the remaining eight animals were quite similar in 
extent and lay at intervals between the two shown in the figures. It should be 
emphasized that the behavior of these rats could not be predicted from the lesions. 
Two rats, one of which failed to mate and another which seemed to be quite 
normal, might have almost identical lesions. 

Several conclusions may be drawn from these findings. First, there seemed 
to be a tendency for damage to the medial half of the anterior hypothalamus to 
depress sexual activity. Second, transverse lesions extending from fornix to 
fornix and Ijdng at various levels from the middle of the optic chiasma to the 
anterior border of the median eminence are not incompatible with normal sexual 
behavior. Tliird, if there is in this region any area or areas essential for normal 
sexual behavior, fibers to and from this “center” must pass by one of two routes: 
1, directly ventrad and pursue a very superficial course therefrom; and 2, dir- 
ectly laterad to beyond the fornices. Fourth, if there is any such structure its 
connections must be rather diffuse as it is probable that in at least one of these 
rats this “center” must have been bisected. 

This work, then, neither affirms nor denies the possibility that there ma}' e.xist 
in the medial half of the anterior hypothalamus a stnicture or structures essential 
for the integi'ation of normal se.xual behavior. It does indicate the improbability 
that such is the case and very definitely limits the course of fibers to and from 
this hypothetical center. 


REFERENCES 

Cl) Fisher, C., H. W. Magoex and S. W. Ranson. Am. J. Obst. and Gynec. 36: 1, 1938. 

(2) Clark, G. Quart. Bull., Northwestern Univ. Med. School 14: 96, 1940. 

(3) Ranson, S. W. Psychiat. en neurol. bl. 38: 534, 1934. 

(4) Clark, G. Science 90: 92, 1939. 

(5) Dey, F. L., C. Fisher, C. M. Berry and S. W. Ranson. This Journal 129: 39, 1940. 

(6) Brookhart, J. M., F. L. Dey and S. W. Ranson. Proc. Soc. Exper. Biol. 44: 61, 

1940. 

(7) Dey, F. L., C. Fisher and S. W. Ranson. Am. J. Obst. and Gynec. 42: 459, 1941. 

(8) Dey, F. L. Am. J. Anat. 69: 61, 1941. 

(9) Brookhart, J. M., F. L. Dey and S. W. Ranson. Endocrinology 28: 561, 1941. 

(10) Brookhart, J. M. and F. L. Dey. This Journal 133: 551, 1941. 

(11) Ingr.am,W.R. (In discussion of paper by C.N.H. Long. Research Nerv. and Ment. 

Dis. Proc. (1939) 20: 498, 1940). 

(12) Jeffers, K. R. Am. J. Anat. 66: 257, 1935. 



RADIOACTIVE PHOSPHORUS STUDIES ON STRIATED AND 
CARDIAC MUSCLE METABOLISI^P 

JACOB SACKS AND CHARLES H. ALTSHULER 
From the Department of Pharmacology, University of Michigan Medical School, Ann Arbor 

Received for publication July 10, 1942 

It has been demonstrated by the use of radioactive phosphorus (P=*=) that the 
formation of lactic acid in contraction of striated muscle does not involve the 
interchanges of phosphate groups postulated by the currentlj" accepted mech- 
anism for glycolysis (8). For the isotope technique to yield results of critical 
value, it is essential that the resting metabolism of the muscles lead to a dif- 
ferential distribution of the P^- among the organic compounds present. For- 
tunately, the conditions chosen did result in such a differential distribution. 

The present work was undertaken primarily to study the time course of the 
distribution of P®^ in the resting metabolism of muscle, and thereby to determine 
the basis for the differential effects pi’eviously found. The data so obtained 
might be expected to indicate whether the postulated phosphor jdating glycolysis 
may be operating in the resting metabolism of the intact cell, even though it 
does not function in the activitj’’ metabolism. Observations were also made 
on the distribution of P^^ in the intact beating heart, for comparison with the 
data of Barker, Furchgott and Shorr (2) on quiescent heart slices. 

Experiments were carried out on frogs and cats. The general procedure was 
to inject the P®^, in the form of Na 2 HP 04 , into the ventral Ijonph sac in frogs, 
and subcutaneously in cats, then, after the lapse of one or more hours, to freeze 
the tissues in situ. The various P compounds were separated from trichloro- 
acetic acid filtrates of the powdered tissues, the P converted to MgNH 4 P 04 , and 
measurements of the P^- content per millimeter P were then made. Data were 
obtained on striated muscle of frogs-at 1, 2, 24 and 48 hours after injection of 
the P^-, and on striated muscle, cardiac muscle, and plasma of cats at 1, 2, 4 and 
24 hours after injection. Determinations of P®^ content were made on inorganic 
P, phosphocreatine (PC), the two readily hydrol 3 ’’zable groups of adenosine 
triphosphate (ATP), the difficultlj'’ hj-'droL’^zable one of the adenjdic acid residue 
(AA), the hexosemonophosphate (HMP) of striated muscle and heart, and on 
the plasma inorganic P. 

The frogs were anesthetized with ui’ethane for the short periods of observation ; 
for the longer ones, thej* were decei’ebrated a daj’’ in advance. Immediatelj’’ 
after the injection of the P^- thej’^ were placed in small wire cages in running 
water; at the proper time cage and contents were dropped into the freezing 
mixture. The muscles of both hind legs were taken together. 

The cats were anesthetized with pentobarbital just prior to the injection of 
the P^-. In the 24-hour group, the anesthesia was administered 2 hours before 
the tissues were to be sampled. Since the previous work (8) had shown that 
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a tetanic contraction does not alter the P^- content of the PC or ATP, it ivas 
felt that the small amount of muscular activity shown by cats confined to cages 
would not vitiate the results. The gastrocnemius muscles were prepared for 
freezing in the usual way, the trachea was cannulated, and one carotid aidery 
exposed for cannulation. At the proper time the muscles were frozen, the artery 
cannulated, and blood run directly into a flask containing crystalline heparin. 
The thorax and pericardial sac wore then opened under artificial ventilation, 
and the freezing mixture poured over the heart. The time elapsed from freezing 
the first muscle to freezing the heart was between 4 and 6 minutes. 

The phosphorus compounds were separated from the trichloroacetic acid 
filtrates by the methods previously described (8). The iirocedure for the isola- 
tion of the P present in the different forms was modified somewhat . One portion 
of the filtrate was treated with magnesia mixture made up with magnesium and 
ammonium nitrates, precipitating the inorganic phosphate; the PC in the 
filtrate from this was hydrolyzed by adding nitric acid to 2 N, excess ammonium 
molybdate, and letting stand U hours at room temperature. Another portion 
of the trichloroacetic acid filtrate was treated with barium hydroxide for the 
separation and isolation of ATP and HMP. The Ba precipitate, containing 
inorganic phosphate, ATP and adsorbed PC, was dissolved in 2N nitric acid, 
ammonium nitrate added to a concentration of 5 per cent, and excess ammonium 
molybdate added. This was let stand hours at room temperature to precipi- 
tate inorganic phosphate and that liberated by the hydrolysis of the adsorbed 
PC; this precipitate was discarded, and the filtrate heated 20 minutes in a 
boiling water bath to separate the two readily hydrolyzable groups of the 
ATP. The phosphate group of the AA was separated by heating the filtrate 
from the previous precipitation on the steam bath for 24 hours. The HMP was 
separated from the barium hydroxide filtrate. This was made appro.ximately 
1 K with sulfuric acid, the precipitated BaS 04 removed by centrifugation, and 
the supernatant let stand over night to hydrolyze the PC. This phosphate 
was precipitated by magnesia mixture, and the HMP in the filtrate broken down 
by wet ashing with sulfuric and nitric acids. The inorganic phosphate formed 
was then precipitated with magnesia mixture. Plasma inorganic pho-sphate was 
precipitated by magnesia mixture from trichloroacetic acid filtrates. 

All the phosphate precipitates were converted to MgNH 4 P 04 , washed well, 
and dissolved in dilute nitric acid. Small aliquots were taken for deteimination 
of P, and the major aliquots transferred to 5 ml. beakers (those used with the 
Beckman pH meter) and evaporated to drjmess. Determinations of relative 
P^- content were made with a Geiger-Miiller counter, using a glass bubble t 3 'pe 
of Geiger-Muller tube with a liackgi-ound count of 10 per mmute. Control 
observations showed that the errors due to non-uniform distribution of the 
evaporation residue on the bottom of the beaker were negligible. The activity 
of the experimental samples ranged from 2 or 3 net counts per minute up to 
several hundred. The counting period was at least 8 minutes for even the most 
active samples; for those of low activity the counting period was sufficientty 
prolonged to give a minimum of 200 net counts above backgi’ound. The meas- 
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urements on these samples are probably accurate to within 10 per cent; on the 
the active samples the accuracy of the counting is between 2 and 3 per cent. 

The quantities of P^* injected, per kilogi-am bod}'^ weight of the animals, were 
such as corresponded to between 5 X 10^ and 2 X lO*’ counts per minute with 
the Geiger-Muller tube used. The total amounts of phosphorus injected were 
naturalb^ subject to considerable variation. In the tables of data, all measure- 
ments have been corrected for decay to a standard time for each animal, and 
have been recalculated to the basis of 1 X 10'’ counts per minute per kilogi-am 
body weight. Thus the data on any two animals are directlj’’ comparable. 

The data on the cat muscles are given in table 1. Comparison of the 
contents of the PC and ATP with that of plasma inorganic phosphate shows 
that the rate of exchange of these compounds with plasma phosphate is quite 
low. At 2 hours after the injection the apparent turnover is onlj'’ 1 part in 200. 
The turnover rate of the ATP is somewhat lower than that of the PC. The 
turnover rate of the AA is about one-fourth that of the two readily h 5 '^drolyzable 
groups of the ATP. 

The Hi\'IP fraction shows a peculiar behavior in that 2 hours after the injec- 
tion, the P®'^ content of this fraction is three times as high as in the PC or ATP, 
but at 4 hours it has dropped to a small fraction of this value while the PC and 
ATP have increased their P^'^ contents slightly. At 24 hours the relation be- 
tween the HMP and the PC and ATP is essentially the same as at 4 hours. 
These findings can be explained on the basis that, in addition to the expected 
metabolic turnover of HMP, a temporary accumulation of this substance takes 
place on the cell membrane when a large amount of phosphate is injected. The 
material on the membrane is hydrolyzed, rvith liberation of the phosphate into 
the extracellular phase, as the phosphate is excreted. The metabolic turnover 
should be independent of the absolute amount of phosphate injected, whereas 
the accumulation on the membrane might be expected to depend on this abso- 
lute amount. ^ ■ 

To test this hypothesis, the 2-hour experiments were repeated vith a sample 
of P 22 -which had been subjected to prolonged intensive bombardment, so that 
an adequate amount of radioactivity was contained in a fraction of a milligram 
of P, instead of in the much larger amounts that had previousl}" been used. 
The results, which are given in table 2, are those which would have been aii- 
ticipated from the above hypothesis. The P®' contents of plasma inorganic 
phosphate, the PC and the ATP are the same as when the large amount of 
phosphate was given, but the P^^ content of the HMP is well below that of the 
other two organic compounds, so that it is comparable to the 4-hour expei’iments. 
These data show that the turnover rates of the PC and ATP are independent 
of the absolute amount of phosphate injected, and also show the HMP does not 
exchange with other intracellular components. 

Turning now' to the organic compounds of the heart muscle, in table 3, it is 
olwious that the turnover rate with plasma phosphate is very much gi eater 
than in resting striated muscle. At 2 hours, for example, the P^^ contents of 
the PC and ATP are over 20 times as gi’eat as in the striated muscle. The HMP 
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shows a lower content than the other two compounds. The tremendous 
difference between heart and striated muscle is not due to the constant activity 

TABLE 1 

Dislribxdion of radioactive phosphorus (P^-) in resting muscles of cats 


Values are in terms of net counts per minute per milligram P, calculated to the basis of 
1 X 10® counts per minute injected, per kilogram body weight. 


PtASMA INOPG. P 

ifuscix 

INORG. 

V 

C/'OC, 

INTRA- 

CELLU- 

LAR 

INORG. 

P 

rnos- 

pno- 

CREA- 

TINE 

ADENO- 
SINETRI- j 

pnos- 1 

PHATE 1 

1 

HEXOSE 
IfONO- 
PHOS- 1 
PHATE ] 

j 

ADENVLIC 

Acm 

i 

1 

PLASifA 

INORG. 

i 

JCUSCLE 

INORG. 

^ , 

1 

TOTAL P 
INJECTED 

A. 1 hour after injection 

1 

Hi 






mgm. 

wsm. 

mgm. 






1 


per cent 

per cent 

per kgm. 

17,100 


* 

34 


40 


6.5 

25 

9.7 

14,050 


36 

34 


17 I 


5.6 

24 

9.S 

15,500 


* 

21 

22 



6.3 

16 

9.0 

7,800 

260 

* 

16 

10 

26 


7.9 

15 

9.1 . 

Av 13,612 

343 


26 

32 

28 






B. 2 hours after injection 



905 

172 

93 

99 

216 

■1 

6.9 

16 

2.8 


540 

* 

48 

56 

308 


7.6 

25 

2.8 

15,400 

610 

21 

89 

57 

390 

mm 

5.2 

15 

6.3 

15,100 

690 

190 

115 

100 

146 

■9 

5.5 

18 

6.3 

Iv 16,150 

686 

lllllllllllllll^ 

86 

78 

265 

16 





C. 4 hours after injection 


5,300 

7,150 

15,000 

11,250 

420 

224 

485 

442 

218 

37 

29 

110 

95 

63 

142 

175 

82 

50 

94 

113 

43 

28 

30 

27 

30 

18 

17 

26 

7.2 

6.0 

5.0 

4.9 

20 

25 

18 

21 

8.5 
8.5 
. 2.8 
2.9 

Av 9,675 

393 

99 

119 

85 

32 

23 





D. 24 hours after injection 


547 

915 

1,055 

1,115 

690 

735 

169 

154 

153 

126 

188 

248 

159 

132 

120 

93 
169 
• 230 

126 

114 

125 

99 

145 

191 

117 

101 

121 

67 

157 

181 

57 

37 

51 

60 

58 
120 

39 

18 

15 

11 

52 

50 

5.2 

6.0 

5.6 

5.6 

5.6 

5.6 

22 

22 

17 

19 

17 

16 

11.2 

11.2 

8.5 

8.5 

9.1 

9.1 

Av 843 

173 

151 

133 

124 

64 

31 



• 


* content of extracellular fluid P less than that of plasma P, 


of the former, for the data of Barker, Furchgott and Shorr (2) on quiescent heart 
slices show a very close correspondence to the present findings. They found that 
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at equilibrium the PC and ATP had about one-sixth the P^^ content of the 
inorganic phosphate of the medium, and that of the HhlP was considerably 
lower. The 2-hour data here show practically this 1 to 6 ratio between the PC 
and ATP and plasma inorganic phosphate. The logical interpretation of this 
similaritj’’ of findings on the beating heart and the non-beating shces is that the 
contraction process in this organ, as in striated muscle, does not involve the 
phosphate interchanges of the glj’^colytic cycle. ' 

Comparison of the data on frog muscles, in table 4, with those of the cat muscles 
shows that the apparent turnover rate and time course of the phosphate dis- 
tribution are essentially the same in the two species. The data on the frogs 48 
hours after injection emphasize that the HMP does not interchange with PC, 

TABLE 2 

Influence of absolute amount of P injected on distribution of P®- in resting muscles of cats 
Values are in terms of net counts per minute per milligram P, calculated to the basis of 
1 X 10® counts per minute injected, per kilogram body weight. 


A. 2 hours after injection of large amount of P 


P INJECTED 

INORGAMIC P 

PHOSPHOCREATINE 

ADENOSIKE 

TRIPHOSPHATE 

HEXOSEifONO- 

PHOSPHATE 

PLASMA INORG. P 

msm. per igm. 

2.8 

905 

93 

99 

216 


2.8 

540 

48 

56 

308 


6.3 

610 

89 

57 

390 


6.3 

690 

115 

100 

146 

15,100 

Average 

686 

86 

78 

265 

16,150 


B. 2 hours after injection of small amount of P 


0.25 

0.25 

0.31 

0.31 

620 

790 

870 

680 

45 

86 

97 

71 

58 

74 

78 

95 

17 

29 

39 

38 

19,900 

11,700 

13.500 

12.500 

Average 

740 

75 

76 

31 

14,400 


ATP or intracellular inorganic phosphate, since the ratio of the P^^ contents is 
the same at 48 hours as at 24 hours. 

With respect to the inorganic phosphate, the principal consideration is the 
mechanism by which phosphate enters the cell from the extracellular phase. 
It is generally recognized that the cell membrane of muscle is impermealsle to 
anions, j^et in studies of diffusion of phosphate by the isotope technique, such as 
those of Hevesy and Rebbe (4) and Manery and Bale (6), the assumption is 
made, explicitly or implicitly, that phosphate enters the cell b}' simple diffusion, 
and is then converted to the organic compounds. The present data make such 
a position untenable, and show that phosphate enters the cell of striated or 
cardiac muscle only bj'^ being converted to an organic compound, presumably at 
the membrane. Converselj'^, phosphate can leave the cell onlj'' by the hydrolysis 
of these organic compounds at the membrane. This will be made clear by a 
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comparison of the contents of'plasma and intracellular inorganic phosphate 
with those of the PC and ATP. 


TABLE 3 

Distribution of radioactive phosphorus (P’-) in cardiac 7nuscle of cats 


Values are in terms of net counts per minute per milligram of P, calculated to the basis 
of 1 X 10® counts per minute injected, per kilogram body weight. 



HEART 1 

CALC. 1 


ADENO- 

HEXOSE 




PLASMA INORG. P ! 

1 

1 


INTRA- ' 

rnospHO 

SlNETRl- 

MONO- 

ADENYEIC 

PLASMA 

HEART 

INORG. P j 

1 

CELLT7LAR , 
INORG, P 

CREATINE 

rnos- 

PHATE 

PHOS- 

PHATE 

ACID 

INORG. P 

INORG. P 


A. 1 hour after injection 



3260 

1225 

1690 

900 

♦ 

♦ 

* 

1730 

645 

570 

286 

1780 

720 

460 

228 

725 

315 

200 

1 

154 

64 

29 

tngm, 
per cent 

6.5 

5.6 
6.3 
7.9 

mgm. 
per cent 

10 

13 

10 

10 

Av 13,612 

1769 

1 

808 

797 

413 

82 




B. 2 hours after injection 


15,300 

jjBM 

392 

1360 

19 

|||B 

640 

6.9 

12.5 

18,800 

Kf! S 

♦ 

1985 

HI 


415 

7.6 

12 

15,400 

Kn 9 

82 

2640 



101 

5.2 

9 

15,100 

||S|I 

1570 

3160 

3230 


110 

5.5 

6 

Av 16,150' 

3708 


2286 

2075 

740 

317 




C. 4 hours after injection 


5,300 


865 

1515 

1465 

mm 

88 

7.2 

10 

7,150 

BSI 

730 

1550 

mSm 


103 

6.0 

10 

15,000 

4270 

2845 

3090 

HI 


650 

5.0 

14 

11,250 

3210 

2530 

2430 

HI 

760 

455 

4.9 

21 

Av 9,675 

2850 

1743 

2146 

2006 

941 

324 


- 


D. 24 hours after injection 


547 

915 

1055 

1115 

690 

735 

1045 

1210 

1910 

1740 

1340 

1260 

— 

1150 

2100 

1930 

1840 

1535 

1390 

980 

1800 

1750 

1145 

1250 

990 

1755 

1670 

1880 

1190 

1380 

650 

830 

2530 

1140 

1050 

1015 

600 

810 

510 

324 

475 

367 

5.2 

6.0 

5.6 

5.6 

5.6 

5.6 

10 

7 

14 

12 

8 

9 

Av 843 

1417 

1654 

1385 

1478 

1203 

534 




* P32 content of extracellular fluid P less than that of plasma P. 


The diffusion theory requires that the P^- content of the intracellular inorganic 
phosphate be higher than that of the PC or ATP while the plasma P^^ is higher 
than that of the PC or ATP. It is obviously not possible to separate the intra- 
cellular inorganic phosphate from that in the extracellular phase, but the amount 
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present and its content of P^- can be calculated from the P contents of tissue and 
plasma, the P“ contents of plasma and tissue inorganic phosphate, and the 
volume of the extracellular phase. This last item has been determined by Amber- 
son et al. (1) and by Yannet and Darrow (10), from the chloride contents of 
tissue and plasma. The two sets of data are in excellent agreement in assigning 

TABLE 4 

Distribution of radioactive phosphorus (P^^) in resting muscles of frogs 


Values are in terms of net counts per minute per milligram P, calculated to the basis 
of 1 X 10’ counts injected per gram body weight. 


INORGANIC PHOSPHATE 

PHOSPHO- 

CREATINE 

ADENOSINE 

TRIPHOSPHATE 

HEXOSEilONO- 

PHOSPHATE 

ADENYLIC ACID 

TOTAL P INJECTED 
GAMMA PER GRAM 

A. 1 hour after injection 

254 

72 

72 

123 


21 

437 

65 

91 

150 


21 

218 

54 

49 

98 


21 

Av 303 

64 

71 

124 




B. 

2 hours after injection 



156 

26 

35 

195 

15 

3.4 

118 

67 

57 

114 

14 

2.7 

187 

92 

73 

139 

IS 

17.0 

374 

280 

195 

183 

28 

16.7 

410 

78 


135 

11 

26.0 

248 

59 

54 

168 


15.4 

Av 249 

100 

83 

156 

17 



C. 

24 hours after injection 



110 

142 

128 

53 

41 

3.3 

115 

125 

115 

33 

11 

3.8 

Av 113 

134 

122 

43 

26 



D. 

48 hours after injection 



98 

105 

103 

51 

18 

17.0 

101 

110 

112 

32 

17 

19.2 

102 

115 

97 

40 

17 

18.5 

288 

298 

304 

68 

51 

12.3 

Av 147 

157 

154 

48 

26 



an extracellular phase of 33 per cent to cat heart and 11 per cent to cat striated 
muscle. The values for the P®^ content of the intracellular inorganic phosphate 
of striated and cardiac muscles of the cats shovm in tables 1 and 3 have been 
calculated in this manner from the data there presented. 

Inspection of these data shows that no such relation exists between the P^^ 
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contents of the intracellular inorganic phosphate and the PC or ATP as would 
he required bj' the diffusion theoiy. The data on the cardiac muscles are par- 
ticularly striking; in all but the 24-hour animals the intracellular inorganic 
■phosphate has a much lower P^- content than do the PC and ATP . At 24 hours, 
the situation is reversed; the intracellular inorganic phosphate has the liighest 
W- content, while the PC and ATP exceed the plasma phosphate in P^“ content. 
The observed relations are opposite to those required by the diffusion theory, and 
are in full accord with the hypothesis presented above, that phosphate enters or 
leaves the cell onlj’- by formation or breakdown of an organic compound at the 
membrane. The data on the striated muscles of the cats, in tabic 1, also lead 
to this conclusion, as do those on the frog muscles. In the 24- and 48-hour frogs 
the of the inorganic phosphate is slightly below that of the PC and ATP. 
This condition could exist only if the plasma P^- fell below that of the intra- 
cellular inorganic phosphate. 

The relations between the various phosphorus compounds of muscle and 
plasma phosphate can be represented by the following diagram; 


Plasma 

Inorganic phosphate 

T 1 

Capillary membrane 


I i 

1 


Extracellular phase Inorganic phosphate 


1 

1 


1 

1 

1 

1 Adsorbed PDSIP 

Cell membrane 

J 

1 


1 

r 

1 

r 

Intracellular phase 

1 

PC 

1 1 

ATP mip 


IT IT 

Inorganic Phosphate 

Additional evidence in favor of the view that phosphate enters the cell only by 
conversion to an organic compound at the membrane is found in the observation 
of Furchgott and Shorr (3) that in heart slices equilibrated Avith inorganic phos- 
phate containing P^^^ intracellular inorganic phosphate and the PC have the 
same content, at a level only one-fifth that of the medium. If the phosphate 
entered by diffusion, then at equilibrium the content Avould be the same in 
the intracellular and extracellular phases. 

With regard to the diffusion of phosphate through the capillary Avail, the 
calculated values for the P®^ content of the extracellular inorganic phosphate 
show that equilibrium is not established in one hour. On the assumption that 
all the P^- of the inorganic phosphate of cardiac or striated muscle is in the exti'a- 
cellular fluid, the P^- of this is betAveen one-half and three-fourths as high as in 
the plasma P, at one hour after injection. Thus diffusion of phosphate through 
the capillary wall is appreciably sloAver than diffusion of sodium (6). 

Granting that phosphate enters the cell only by coiwersion to an organic com- 
pound at the membrane, it becomes evident that PC and ATP exchange inde- 
pendently of each other at the membrane as Avell as Avith intracellular inorganic 
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phosphate. If this Avere not the case, i.e., if either one were the sole source of 
exchange at the membrane and the other exchanged onlj’- Avith intracellular in- 
organic phosphate, then the content of the second one Avould bfe dependent on 
the content of the intracellular inorganic phosphate. The data on the 4- and 
24-hour animals sIioaa^ that this is not the case. It therefore appears to be a 
purel}" fortuitous circumstance that the turnoA^er rates of PC and ATP are so 
close together. 

The HMP does not undergo any interchange AAdth intracellular inorganic phos- 
phate or AAUth PC or ATP. If such exchanges took place, then the P^^ contents 
of the four intracellular compounds should become equal in time. The data 
shoAA^ clearly that this is not the case. 

ReA'-erting noAA^ to the finding of Furchgott and Shorr (.3) that the P^- content 
of the intracellular inorganic P and PC of heart slices at equilibrium is one-fifth 
that of the phosphate of the medium, the most logical explanation AA^ould seem 
to be that, for each molecule of creatine AA^hich becomes phosphorylated at 
the membrane, 4 react AAuth intracellular inorganic phosphate. This ratio can, 
of course, be determined accuratelj’^ only AA'hen the P®- content of the medium 
remains constant, as in experiments AA'ith slices, or by perfusion teclmiques. 
HoAvever, the present data on the intact heard indicate a ratio reasonablj'' close 
to this. 

Similarly, the 50 per cent turnoA^er time can also be determined accurately only 
AAuth a constant P^^ leA^el of the medium, but an approximation can be obtained 
in experiments on the intact animal from the time required for the P^- content 
of the substance in question to reach the maximum leA’^el. The data on the heart 
indicate a 50 per cent turnover time of about an hour for the PC and ATP, and 
appreciably longer times for the AA and HMP. 

In the case of the striated muscle, it is possible from the present data to make 
only the roughest sort of approximation of the 50 per cent turnover time or of 
the ratio of molecules of creatine or AA phosphorylated at the membrane and 
AAnth intracellular inorganic phosphate. The 50 per cent turnover time seems 
to be of the order of 4 hours; the ratio of phosphorylations at the membrane to 
intracellular phosphorylations is perhaps 1 to 50 or 1 to 100. 

The turnover time of the HMP is extremely difficult to approximate. Com- 
parisons of the P^" contents of striated muscle HMP and plasma P at 4 hours 
after the injection mdicates that the 50 per cent turnoA'^er time of the HMP is of 
the order of A\"eeks, rather than hours. In cardiac muscle the turnover is much 
more rapid. 

Such rapid rates of breakdoAAm and re.synthesis of compounds in the resting 
metabolism of Imng tissue seem a good deal less startling at this date than 
thej^ Avould haAm before the brilliant AAmrk of Schoenlieimer on the rate of in- 
corporation of heaA^y nitrogen into the tissue proteins. 

The finding of such rapid interchanges of PC and ATP Avith inorganic phos- 
phate in the resting metabolism of muscle offers some hope of reconciling the 
diA'ergent AueAvs on the function of the phosphate compounds in contraction. 
In the foi’mulation based on extract studies, the numerous phosphate intei’- 
changes haA'e been directly connected.Avith the formation of lactic acid, and it 
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1ms therefore been postulated that they Avere concerned with the formation of 
lactic acid in anaerobic contraction. The studies on the actual chemical changes 
in the contracting muscle, on the other hand, have found no evidence for the 
participation of the phosphate compounds in the formation of lactic acid. The 
present data indicate that if the phosphoiylating glycolysis plays any part in 
the metabolism of muscle, it should be related to the resting metabolism, and 
not to the acthdty metabolism. This implies, of course, that the resting and 
actmty metabolisms follorv two radicall.y different jmthways. This is bj^ no 
means the first indication of such a qualitative separation of the two types of 
metabolism. For contraction in the presence of oxygen, there is the finding of 
Stannard (9) that azide abolishes the excess oxygen consumption of the activity 
in concentrations which do not affect the resting oxygen consumption. For 
anaerobic contraction, there is the evidence (7) that the mechanism bj-- which 
iodoacetic acid inhibits the formation of lactic acid in contraction is different 
from the one by which it inhibits the formation of this substance in extracts. 
This last point again brings attention to the pos.sibility of a non-phosphorylating 
glycolysis in contraction, by way of methyl glyoxal. The iodacctate inhibition 
in this case might well be due to the destruction of reduced glutathione, the co- 
enzyme of glyoxalase (5). 

Granting that some of the reactions of the phosphorylating glycolysis may 
take place in the resting metabolism of muscle, it is evident that the entire cycle 
cannot be accepted without reseiwation. Participation of glucose-6-phosphate 
is ruled out by the finding that HMP does not interchange with PC, ATP or 
intracellular inorganic phosphate. However, there is no reason to nde out the 
possible fonnation of glucose-l-phosphate. If this were to undergo further re- 
action without being converted to the 6-phosphate, there would be no barrier 
to the acceptance of the phosphorylation cycle as the mechanism of aerobic 
glycolysis in the resting metabolism of muscle. There Avould then be no oc- 
casion to postulate that it is operating in contraction, irrespective of rvhether 
this takes place in the presence or absence of oxygen. Such a situation would 
still leave unsolved many problems in both fields. The function of phospho- 
creatine in the resting metabolism is apparently more important than the most 
recent developments of the phosphorylation cycle Avould indicate; furthermore, 
the mechanism of lactic acid formation in anaerobic contraction still remains 
to be elucidated. 

The senior author is indebted to the Faculty Research Fund of the University 
of Michigan for a grant for the purchase of the Geiger-Miiller counter, and to the 
trustees of the Horace H. Rackham Foundation for their support of the opera- 
tion of the cyclotron. Thanks are due to Prof. J. M . Cork of the Department of 
Phj^sics for the supply of radioactive phosphoms used in these experiments, 
and to Prof. 0. S. Duffendack of the same department for his aid in the desio-n 
of the Geiger-Muller tube. 

SUMJIARY AND CONCLUSIONS 

1. The time course of the distribution of radioactive phosphorus in resting 
striated muscle has been studied in cats and frogs, and in the heart in cats. 
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2. The diffusion of phosphate through the capillar}^ wall is relatively slow in 
comparison to other ions which have been studied. Equilibrium between 
plasma and extracellular fluid is not reached in one hour. 

3. Phosphate enters the interior of the cell of striated or cardiac muscle only 
b}^ being converted to an organic compound at the membrane, and leaves the 
cell only by the dephosphorylation of these compounds at the membrane. 

4. The formation of phosphocreatine, adenosine triphosphate and hexose- 
monophosphate are independent processes, rather than being part of a cycle. 

5. The phosphorjdation of creatine and adenylic acid may take place either 
at the cell membrane or with inorganic phosphate present vdthin the cell. 

6. For each molecule of creatine or aden 3 dic acid which is phosphor 3 dated at 
the membrane, there are approximately 4 molecules phosphorylated intracel- 
lulai'bq in the heart, and a much larger number in striated muscle. 

7. The hexosemonophosphate of striated or cardiac muscle does not inter- 
change, directly or indirectl 3 ’', vith intmcellular inorganic phosphate, phospho- 
creatine or adenosine triphosphate. 

8. The turnover rate of phosphocreatine and adenosine triphosphate is in- 
dependent of the amount of phosphate injected. 

9. ^ATien large amounts of phosphate are injected there is a temporaiy ac- 
cumulation of hexosemonophosphate on the cell membrane of striated muscle. 

10. There is a rapid loreakdown and resynthesis of phosphocreatine and 
adenosine triphosphate in the resting metabolism of striated and cardiac muscle. 

11. There is evidence that some, but not all, of the reactions of the phos- 
phorylating gl 3 '-col 3 ^sis that have been found in cell-free muscle extracts may 
take place in the resting metabolism, but not in the activity metabolism, of striated 
and cardiac muscle. 

12. The chemical transformations associated vith the contraction of striated 
and cardiac muscle are qualitativel 3 '' different from those concerned vith the 
resting metabolism. 
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Seasonal fluctuations in the weight of animal organs have been noted by a 
number of investigators. Brown, Pearce and Van Allen (2) maintained rabbits 
in emdronments of constant illumination, solar illumination and darkness and 
noted that those under constant illumination tended to have organs of relatively 
smaller weight than those of the controls and that the periodic fluctuations in the 
size of the organs were absent. Over a period of four years, Del Castillo and 
Pinto (3) observed a periodic fluctuation in the size of the testes and the prostates 
of rats. Followng extensive work on the effect of light upon the sexual develop- 
ment of birds, Bissonnette (1) concluded that the progressive changes in the 
testes in the spring may be helped by the relative strength of red rays in the 
sunlight of that season and that the natural regression in summer and early 
autumn may be due to the relative excess of inhibiting or lethal green (and pei'- 
haps violet and ultraviolet rays) of this season. In 1939, Luce-Clausen and 
Brown (5) found that wsible radiations promoted gl’o^vth of rats, that the opening 
of the vagina and onset of oesti-us were delayed in rats confined to darkness, 
and that the survival of young rats was higher under visible radiations. In 
1941 Fiske (4) reported that female rats, kept under light from birth or from the 
twenty-first day of life, matured much earlier than females kept in darkness, 
that unusually long oestrus periods were characteristic of the former while 
frequent metoestras occurred among the latter, and that the pituitaries, ovaries 
and uteri of 77 day old rats, kept under light for 8 w'eeks, were heavier than those 
of litter mates kept in darkness. 

In the present investigation an attempt has been made to ascertain whether 
some portions of the visible spectrum are more effective than others upon growth, 
activity, basal metabolism, reproduction and survival of littei’s of albino rats. 

Methods. Cages wmre set up on shelves 7 feet away from and facing two 
100 watt Mazda electric bulbs. The front and top of these cages consisted of 
8 inch mesh galvanized wore rvhile the sides and back rvere made of galvanized 
sheeting. In front of each cage was placed a cellophane filter, either black, 
colorless, red, orange, yellow, green, blue or violet. With the exception of the 
black, these filters consisted of a single thickness and are described by the 
manufacturers, Canadian Industries Limited, as no. 300 plain transparent, red, 
tango, amber, light blue and violet respectively. The percentage of light trans- 
mitted and the region of transmission for each of the colored filters was deter- 
mined^ and is shown in figure 1. The black filters consisted of a heavy sheet of 

This determination was made possible through the co-operation of the Department of 
hysics and was carried out by Thomas Collins. 
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kraft paper covered on both sides vith black cellophane. To eliminate an}’’ 
seasonal influence, the temperature of the rat room was thermostatically con- 
trolled at 70°F. and the period of illumination electrically controlled at 10 hours 
per day. 

Three series of Wistar albino rats have been used in this work. In the first 
series, an explorator}’’ run begun in 1939, 8 males and 8 females at 5 weeks of age 
were placed in pairs behind the 8 filters described above and carried for 190 
days. In the second series, begun in 1940, 27 rats at 3 weeks of age were avail- 



Fig. 1. Light transmitted by cellophane filters. 

able. Behind each of the 8 filters were placed 1 male and 2 females. This 
left 3 more females which were placed behind the red, blue and violet filters. 
A few weeks later an error in sexing the I’ats was discovered. Behind the color- 
less filter there were 2 males and 1 female. This second series was carried for 
212 days. The thii-d series, begun in 1941, consisted of the Fi generation of the 
second series vath the exception of those behind the blue filter. Since no litters 
had been born behind the blue filter, rats for this filter in the third series had to be 
lavm from new stock. This series was started when the rats were 3 weeks old. 
ehind each filter were placed 1 male and 2 females. Two cases of incorrect sex- 
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ing \vere later discovered in this series, behind the colorless and the red filters 
where in each there were 2 males and 1 female. After canying this third series 
for 180 days, the filters were changed so that rats, previously behind colorless or 
colored filters were placed behind black filters while those behind black filters 
were placed belfind blue filters. Following this change the series was carried 
another 210 days; at the end of this time the original filters were restored and 
the series completed by the end of 21 days more-. 

Each adult rat was given three Purina Fox Chow^ checkers per day. While 
nursing its litter each female was given twm additional checkers per da 3 L Oc- 
casionally all rats received supplements of carrots and green leafy vegetables. 

At the time of casting of a litter the other rats in that cage were removed to 
another behind a similar filter. iWien the litter W'as 3 weeks old, the mother 
was returned to her original group. 

Grow-th was determined from w-eight increases. All rats were w'eighed once a 
week betw'een the ages of 21 and 70 days. Thereafter the males w'ere w'eighed 
once a w'eek wdiile the females were \veighed twfice a w'eek. Each litter wns 
handled as little as possible and consequentlj’- w-as weighed as a whole at birth 
and at 3 weeks of age. 

Acthdty measurements w^ere attempted wdth tw'O pieces of apparatus con- 
structed for the purpose. In one of these, initial activity (the first 90 sec.) 
was sought, wdiile in the other activity over a 24 hour period was investigated. 
In both cases the tests were carried out 18 to 24 hours after feeding. 

The apparatus used for determining initial activity consisted of a rubber 
diaphragm stretched tightly over a four-inch funnel by means of twelve small 
batteiy clamps' anchored to an iron retort ring at a longer level. Fitting around 
the edge of the funnel and extending upwwd 14 inches a cardboard cone served 
to retain the rat on the rubber diaphragm . The stem of the funnel w* as connected 
by rubber tubing to a tambour. The thin mbber membrane on the tambour 
was fastened securely but not stretched, in order to permit greater movement of 
the writing lever attached rvhich recorded on a smoked drum revolving once in 
90 seconds. Because of the friction of the writing lever on the drum and the 
elasticity of the air in the apparatus, it w'as found that greater movements w^ere 
recorded on the drum w'hen the air in the apparatus was replaced b}^ water. 
Each rat w^as dropped head first from just above the cardboard cone and the 
movements recorded. The preserved records wmre enlarged by’’ projection on a 
translucent screen and the length of the actirrity line minus the base line de- 
termined. 

The second activity apparatus consisted of a chamber 24 in. wide, 8 in. deep 
and 30 in. high. It wms divided into an upper, middle and low'er chamber bj^ 
three boards constituting the floors of these chambers. These boards were cut 
across the middle and hinged there. The outer ends of each of these wmre slightly 
raised by a light spring. As a rat moved out tow'ards the end of one of these 
boards, the outer end descended 1 cm. and in so doing passed an electrical contact. 
This caused a signal magnet to record the movement and also caused an electro- 
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magnet to rotate the smoked double drum about 2 mm. When the rat moved 
back towards the center of that floor another contact was made as the outer end 
of the board rose and this movement was recorded. In like manner movements 
of the other boards at each level moved signal magnets and were recorded. A 
sloping runway permitted the rat to move from one level to the next. A seventh 
signal magnet attached to a clock recorded one hour intervals. 

Basal metabolism was determined in an apparatus constnicted, with a few 
modifications, on the plan of Schwabe and Griffith (6). The chief modification 
was the manner of drawing ox^'^gen through the apparatus and of remowng 
carbon dioxide. By lowering and raising a reservoir Schwabe and Griffith 
caused the air in the rat chamber to be brought in contact vith a standardized 
barium hji-droxide solution for removal of the carbon dioxide and the return of 
the residual air to the rat chamber. In the present investigation the rat chamber 
consisted of a flat-bottomed C3dindrical glass Amssel 9 in. in diameter and 3 in. 
deep. This was inverted in a narrow circular mercury trough on a varnished 
copper plate. Coming through the floor of the chamber was a sealed-in copper 
tube connecting the chamljer with the rest of the apparatus and delivering oxj'gen 
to the chamber at a rate equal to the rate at which it was consumed by the rat. 
The carbon dioxide and water vapor set free bj’’ the rat were absorbed bj’’ soda- 
lime placed between two pieces of copper gauze to form a wall 2| in. high and 4 in. 
thick extending around the chamber just inside the glass wall. The wire gauze 
was held in place by small wooden posts 2^ in. long nailed in an upright position 
to a thin circular wooden disc wliich fitted inside the chamber. In recording 
the rate at which oxygen was utilized bj’’ the rat, a cjdindrical glass float was 
substituted for the paraffined cork used bj’’ Schwabe and Griffith. This elim- 
inated small fluctuations in the oxj’-gen cur\m which appeared vfith the formation 
and collapse of each ox3'’gen bubble due to the oversensitiveness of the coik 
float. The glass float substituted, while not registering these, was quite sensitive 
to any change in activity of the rat, as seen 63" an increase in the slope of the 
oxygen curve with the slightest movements of the rat. Gonstmction and testing 
of this apparatus was completed in April 1942 . This has permitted its utilization 
in carr3fing out basal metabolism determinations in the third series of rats undei 
two sets of conditions. In the fii’st of these, the rats, after 180 days behind the 
8 t3qDes of filters, had been switched to the black or the blue filters, as previously 
described, and were in the last month of this 210 day period. The second set 
of conditions covers the final 21 day period of this series during which the rats 
were beliind their original filters. 

Results and discussion. A. Growth. After stud3dng the grmvth curves of 
the rats in the three series, it became evident that there was no consistent dif- 
ference, either in the weights of the rats at any particular age or in the rates of 
growth, that could be attributed to the filters used. 

B. Activity. Neither actmty apparatus was completed in time to be used 
with the first series of rats. In the second series, initial activity graphs weie 
obtained but no satisfactoiy method developed for determining quantitatively 
the relative actmties expressed by these graphs. However, inspection of these 
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graphs definitely placed the rats behind the red and the black filters as the most 
active, those behind the orange the least active, and the others in an intermediate 
position. In the third series, the relative initial activities were determined 
quantitatively and are summarized in table 1 . With the exception of the position 
of the rats behind the j’ellow filter, which have moved from an intermediate to 
the top position, the order of activity remains practically the same as the 
second seiies. 

Rats placed in the second activity apparatus for the 24-hour test showed 
activity only in the fii-st 4 houi’s and the greater part of this in the first 2 hours. 

TABLE 1 
Initial activity 


Filter 



■yellow 

Red 

Black 

Green 

Colorless 

Blue 

Violet 

Orange 

1 

Activity 

102.3 

72.4: 

1 

66.8 

57.3 

43.5 

40.0 

37.2 

31.5 


TABLE 2 

Basal metabolic rates 


Filters 


210-day period 



! 






Original color. 

Yellow 

Red 1 

Black 

Violet 

Orange 

Blue 

Colorless ' 

Green 

to 1 

Black 

Black 

Blue 

Black 

Black 

Black 

Black 

Black 

B.M. R. (a).. 

52.9 ' 

1 

44. S 

i 43.8 

43.4 : 

43.0 

41.2 

40.1 

40.0 

21-day period 



1 


1 




Restored to. . . 

Yellow 

Blue 

Black 

Violet 

Red 

Orange 

Colorless 

Green 

from 

Black 

Black 

Blue 

Black 

Black 

1 Black 

Black 

Black 

B.M. R. (b).. 

1 

41.4 

39.5 

38.7 

37.1 

36.4 

35.8 

32.2 

30.6 

1 

Original color . . . ' 
Drop in B. 

Yellow 

*1 

Green 

Red 

Colorless 

Orange 

1 

Violet 

1 

Black 

Blue 

1 

M. R 

11.5 

9.4 

8.4 

7.9 

7.2 

6.1 

5.1 

1.7 

(a - b) 







i 

j 



These tests, therefore, wez’e reduced to 4 hours. However, the variation in 
response of the same rat on repeated tests on different days was too great to 
make use of such tests for measuring activity. 

0. Basal metabolism. The basal metabolic rate for each rat was determined 
on three separate occasions during the last month of the 210 day period. From 
these the average for each rat was determined and in turn an average worked 
out for all rats getting the same radiation. It is this last group of figures which 
is.shovm in table 2. In like manner for the '21 day period after returning the 
mts to their original filters, three determinations were made mth each rat 
nnd an average taken. Then' from these individual averages, averages for all 
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rats getting the same radiation were detennined. In calculating the surface 
area of the rat, Rubner’s formula was used. The Irasal metabolic rates are ex- 
pressed as kilogi’am-calories per square meter per hour. 

It mil be recalled from table 1 that rats behind the yellow filter were the most 
active. From table 2, this same group has the highest basal metabolic rate. 
Further, all groups showed a lower B. M. R. when returned to their original 
filters for 3 weeks from black filters, or from behind blue in the case of original 
blacks. This drop in B. M. R. was greatest for the yellow filter followed closely 
by green, red and colorless and was least in restoration of blue from black. 

D. Reproduction. In the first series of rats litters were cast behind all filters 
except the blue. Autopsies at the end of the test period, 190 days, revealed no 
developing feti in the rats behind the blue filter. Toward the litters recei^^ng 
radiations through the different filters there appeared to be, in general, less 
care given b 3 ’- the mother and a greater cannibalistic tendency than usual and this 
occurred independentlj’- of the size of the litters. 

In the second series of rats these points were investigated further. At the 
completion of this series, 212 days, all females, with the exception of those behind 
the blue filter, had cast litters. At this stage, two of the three females behind 
the blue filters were given three intramuscular injections of 1 cc. each, at S-day 
intervals, of oestradiol benzoate in sesame oil (0.2 mgm per cc.).^ At the same 
time the male was given like injections of testosterone propionate in sesame 
oil (5 mgm per cc.).- Bj'’ the end of a further 90 daj^s there still were no litters 
cast behind the blue filter. 

Since this was the second group of rats which had been raised behind the 
blue filter and had failed to cast a litter, it seemed unlikely that chance sterility 
was the cause. However, to be sure of this a third group was started behind the 
blue filter and placed in the third series. At an age of 180 days this third group 
of rats behind the blue filter had cast no litters. At this stage, switching the 
blue filter for a black over an additional 210-day period, did not alter the situation 
as far as litters were concerned. 

In both the second and third series of rats it will be seen by reference to table. 

3 that rats raised behind the black filter stood well up in the list with regard to 
the number of offspring per rat but were bettered bj’^ rats belfind the yellow 
filter. On the other hand, reproduction behind the colorless filter appeared to 
have been repressed. 

In the last column of table 3 the colors given refer to the original filters. It 
will be recalled that these w^ere switched so that rats behind black Avere ^A’en 
blue and all other filters Avere replaced bj'’ black. Further, AAUth the exception 
of rats behind the original blue filter, all in the third series belong to the Fi 
generation of the rats in the second series. It should also be noted that the length 
of the first part of the third series is a month shorter than the balance of that series 
or the full second series. Keeping these points in mind, it Avould appear that 
rats behind the j-elloAv filter in both series had the same degree of fertility and this 


• tVe are indebted to Ciba Co. of Montreal for these preparations. 
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was not affected bj'’ the switch of filters from yellow to black. Rats behind the 
black filter showed approximately the same fertility in the second series and 
first part of the third but vdth the switch to blue in the second part of the third 
series their fertility dropped about 25 per cent. Rats behind the violet filter 
in both series had about the same fertility until the filter was switched to black 
when the fertility dropped more than 50 per cent. A similar story holds for 
green uith an even greater drop in fertility after switching to black. Rats 
behind the red filter showed a sharp decrease in fertility in the Fi generation 

TABLE 3 


Number of offspring per rat 


SECOND SERIES 

THIRD SERIES 

2!2 days 

First 180 days 

1 Next 210 days (filters switched) 

Yellow 

24.0 

Yellow 

17.0 

Y'ellow 

.... 23.5 

Red • 

23.7 

Black 

16.5 

Black 

.... 18.5 

Violet 

22.0 

Violet 

13.0 

Violet 

.... 9.5 

Orange 

22.0 

Green 

8.0 

Green 

.... 3.0 

Black 

20.5 

Red 

3.0 

1 Red 

0 

Green 

13.5 

Colorless 

2.0 

Colorless 

0 

Colorless 

4.0 

Orange 

0 

Orange 

0 

'Rliip.. 

0 

T^liip 

0 

Blue 

0 






TABLE 4 

Percentage survival to 21 days in litters 


SECOND SERIES 

THIRD SERIES 

212 days I 

. . 1 

First 180 days 


Next 210 days 

(Filters 

switched) 

Black 5/41 

Colorless 1/4 

Violet 9/66 

Green 5/27 

Bed 7/71 

Orange 5/44 

Yellow 6/48 

83.0% 

75.0 
74.3 

63.0 

55.6 j 
40.9 

39.6 

1 

Y'ellow 5/34 

Black 4/33 

Violet 3/26 

Green 3/16 

Colorless . . 2/4 
Red 1/3 

88.2% 

81.8 

80.8 

68.8 

50.0 

0 

Green 1/3 

Yellow .... 7/47 

Violet 4/19 

Black 5/39 

100.0% 
97.9 
; 89.5 

1 45.9 

1 

1 

1 


vith no litters cast in the last 210 days. While rats behind the orange filter 
in the parent generation produced well, no litters were cast in the Fi generation. 

This decreasing fertility exliibited in the third series and particularly in the 
210-day period can not be due entirely to the increasing age of the rats for at the 
end of the 210'day period they were only 390 days old. Further, if age were the 
controlling factor, the effects would be more evenly distributed over all the test 
animals. It would seem that radiation is a factor, possibly the prime one in this 
case, since behind black filters fertility of the rats was maintained while behind 
all other filters used, except yellow, fertility decreased at different rates and to 
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different degrees. After 180 days’ radiation, this decreasing fertility was not 
halted by placing the rats behind black filters. 

B. Survival of Utters. The effect of using the different filters on, the survival 
of the litters to 21 da 3 ^s is shown in table 4. 

As in table 3, the colors in the third column refer to the original filters used. 
Where no litters were born, the filters are not mentioned. The number of litters 
cast and the total number of offspring in these litters is respectivel 3 r indicated 
by the numerators and denominators of the fractions placed immediately after 
the color of each filter. In four cases the survival values are based on a rather 
limited number of offspring and should be considered with this in mind. The 
cases referred to are the colorless in the second series, the colorless and the red 
in the first part of the third series, and the green in the last part of the third series. 

Consideration of the survival values shown for the second series and first 
part of the third places the black filter at the top vdth a value of 82.4 per cent, 
followed by violet (77.5), green (65.9), yellow (63.9), colorless (62.5), orange 
(40.9) and red (27.8). Whether this order is coincidental or significant, it is 
nteresting to note that it is the same as in the solar spectrum. The second part 
of the thii'd series would seem to further establish the position of the black filter 
toward favoring the survir^al of litters, since s\vitching green, yellow and violet 
to black improved survival values while svdtching black to blue considerably 
owered the chance of survi^’•al. 


SUMMARY 

Growth, initial activit 3 ’', basal metabolism and reproduction of albino rats 
and the survival of their litters behind black, colorless, red, orange, 3 ''elIow, green, 
blue and violet filters have been compared. 

No consistent difference either in the weights of rats at an 3 ’' particular age or in 
their rates of growth was found which could be attributed to the color of the 
filter used. 

Initial activity was influenced b 3 ’' the color of the filter used, being greatest 
under 3 ’ellow, followed b 3 ^ red and black and least under orange. 

Basal metabolic rates were highest under the 3 mllow filter and lowest under 
the green. 

The number of offspring per rat was highest under the 3 ^ellow filter throughout 
the experiment Avhile under the blue filter reproduction was inhibited from the 
start. The other filters e.xhibited degrees of inhibition. 

Survival of litters to 21 days was highest behind the black filter and lowest 
behind the red. 
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It has been kno'iMa for .some time that there is a considerable degree of cor- 
respondence between pupillomotor and sensory effects of stimulation of the ret- 
ina by light. Reeves in 191S showed that during dark adaptation, after previous 
e.\posure of the eye to a bright light, the curve for pupillary dilatation closely 
parallels that for increasing retinal sensitivity. Others subsequently found this 
to be true (Crawford, 1936; Brown and Page, 1939, Ijoth on humans; Gullberg, 
Olmsted and Wagman, 1938, on rabbits). 

This coiTespondencc is further seen in studying the effect of different wave 
lengths of light on the size of the pupil. Although these studies have been few, 
they do point to the fact that the visibility curves of the eye obtained by measuring 
the variation in pupil diameter in the different wave lengths are comparable to 
those obtained by the more usual subjective means. Laurens (1923), as Sachs 
(1892) and Abelsdorff (1900) had done earlier, determined the visibility curves 
of the human eye using the pupil diameter as a measure. Hess (1913, 1915) 
studied the effects' of different spectral lights and of the lights transmitted bj' 
colored glasses on the pupil reactions of cats and rabbits. He found that the 
maximum pupil constriction for these animals in the light adapted state was at 
about 550 m^ and in the dark adapted state was at about 505 m/x. Laurens 
(1923) determined the visibility curves of both the pigeon and the alligator by 
means of pupillary measurements. In the pigeon the maximum effect in the 
light adapted eye was at 564.1 mg, and in the dark adapted eye at 544.2 mg. 
In the alligator eye these maxima were at 644.2 mg and 514.2 mg re.spectively. 

Hecht and Pirenne (1940) investigated the retinal sensitivity of the nocturnal 
long-eared owl, using the pupillary size as a measure of sensitivity. They 
measured the relative effectiveness of different wave lengths of light in causing 
a constant amount of pupil contraction, and found that the spectral visibility 
curve for the owl is the same as the human visilDility curve at low light inten- 
sities, with a maximum at about 515 mg. 

These studies lead to the conclusion that pupillomotor action depends upon 
two receptors, just as does retinal sensitivity; namely, the rods and cones. This 
view is supported by the results of other studies, the majority of which point 
to the fact that both receptors play a part in the regulation of the size of the 
pupil, although the effect of the cones predominates, (cf. Laurens, 1923; 
Ferree, Rand and Harris, 1933, and Broum and Page, 1939, for reviews on this 
subject.) 
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Bro-\ra and Page (1939) concluded from a study of dilatation of the pupil 
in darkness that the pupil size relative to light stimulation is under the control 
of fibers activated onty by cones in the central portion of the retina. These two 
workers show that the course of pupillar 3 ’- dilatation as measured bj^ them, b.v 
Reeves (1918) and b}'- Crawford (1936), bears a strong relationship to foveal dark 
adaptation as measured by Hecht (1921a) and by Hecht, Haig and Chase (1937). 
Pupil dilatation, just as foveal dark adaptation, is almost complete in about one 
minute, and practicallj'- all completed in five or six minutes, and fullj^ complete 
in ten minutes at the most. Brown and Page believe that the Purkinje effect 
Avould result from transmission of excitation from the rods within or outside the 
macula to optic nerve fibers leading off from cones and controlling pupillaiy 
constriction, and therefore that the rods have no influence on the movements of 
the pupil. 

An attempt is here made to measure the low intensitj’' human visibility curve 
using the objective measure of pupillary size. If the rods have any effect on the 
pupillaiy response, we should be able in this manner to detect a rod influence if it 
exists. 

The work which has been done on spectral sensibility of the human eye using 
the pupil as a measure has been slight and, in general, unsatisfactory. Although 
the work of Laurens (1923) remains the best of the studies done on this particular 
problem (cf. Sachs, 1892, and Abelsdorff, 1900) there is a verj’’ significant objection 
to it. Laurens determined the amount of pupillaiy contraction in the pigeon 
and alligator as well as in the human caused b}’’ different wave lengths of equal 
energy. According to the classical accepted definition of a spectral luminosity 
curve, this latter studj'- is not accurate. Such a curve, to be acceptable and com- 
parable to other investigations, must record the reciprocal of the relative energy’’ 
required in different parts of the spectrum to produce the same physiological 
effect (Hecht, 1928; Graham and Hartline, 1935; Hecht and Pirenne, 1940). 

Method. Infrared photography^ is the most suitable method for accuratety 
measuring the diameter of the pupil in virtual darkness as well as under any^ 
condition of light adaptation. Infrai’ed light does not influence the size of the 
pupil (Cravfford, 1936; Gullberg, Olmsted and Wagman, 1938; Brown and Page, 
1939). This method can also be satisfactorily used when a beam of colored or 
white light is directed into the ey'e. 

The apparatus deHsed for these experiments consisted essentially of three dis- 
tinct parts: 

1 . An instrument for adapting the ey''e to a spot of colored light of any'- intensity 
within the necessary range, and having any diameter up to about 16.6 degrees 
Hsual angle (fig. 1). 

2. A camera and auxiUarympparatus for photographing the pupil (figs. 1 and 2). 

3. An infrared source of light which is used to illuminate the eye when photo- 
graphing. 

The adapting instrument used fulfills all the specifications needed to pursue 
work on both light and dark adaptation (Hecht and Shlaer, 1938). The intensity, 
the color, and the duration of the preadapting light may be varied to suit any of 
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the conditions of the experiment. Provisions are made to vaiy the area and 
retinal location of the light in the eye. This instrument can also be used for sub- 
jectivelj' measuring the visual threshold after any period of dark adaptation. 

The instrument is shoivn diagrammaticallj’’ in figure 1. The source of light 
is the circular ground glass windoiv, G, 20 mm. in diameter, illuminated by a 
6 volts, 18 amperes, coiled filament projection bulb, T, vdiich has been seasoned. 



Fig. 1. Explanation in text 



30V 



The lamp burned at 6.2 volts and its operating characteristics ^Yere checked at 
frequent intervals. 

The lens L 1, QO mm. in diameter, is placed at its principal focal length of 12 
cm. from the secondary source of ground glass G. The beam of approximately 
parallel light is picked up by another lens, L 2, having a diameter of 48 mm. and 
a focal length of 15 cm. It is then reflected through an angle of 90 degrees by the 
partially aluminum-sputtered mirror, Ilf . Thus an image of the source G is 
produced in the plane of the pupil of the ejm at E, and the lens L 2 appears uni- 
formly illuminated and seems to be placed directly in front of the observer. 
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Near the lens L 2 is a groove, D, which is made to hold metal diaphragms 
of vaiying sizes in order to control the beam of light. The maximum visual 
angle obtainable is 16.6 degrees with a diaphragm of 44 mm. opening. 

L S is U lens of 60 mm. in diameter and 45 cm. focal length which can be sub- 
stituted for L 2. When it is in place without L 2 and when used vath a maximum 
size diaphragm at D, an image of the source is produced having a visual angle 
of 5.7 degrees. 

A Compur shutter, S, is placed in front of the light source and is used to reg- 
ulate the exposure time from ^ of a second up to minutes of exposure. 

V is a movable mount to carr}^ colored and neutral filters, F, neutral wedge, 
W, and balancing wedge, B. This carrier can be displaced in such a manner as 
to permit utilization of full intensity of light or of the different possible combi- 
nations of neutral filters and wedge to give an intensity range of from 1 to 10“^-. 

Six Wratten neutral filters were used transmitting from | to Yo 5oo 
cident light. The wedge is 15 cm. long and covers an intensity range of from 1 
to 1000. It is used in conjunction vfith a balancing wedge so as to provide a 
uniform field. 

The neutral wedge is moved bj'^ a rack and pinion, and has a scaled dial, 
gear connected so as to define the position of the wedge. To vary the spectral 
characteristics of the light the special set of Wratten Monochromatic Filters 
was used. This set has been extensively used in objective studies where the high 
intensities required were not easily attained nith a spectroscope (Hecht, 1921b; 
Crozier, 1924; Hecht, 1928; Gi-undfest, 1932a, b; Graham and Riggs, 1935; 
Graham and Hartline, 1935; Hecht and Pirenne, 1940). 

The eye when in a position to be adapted and photographed was fixated on 
a tai’get, 0, which was placed 10.5 cm. in front of lens L 2, giving a virtual image 
45 cm. from the eye. The fixation point was a May Ophtha.lmoscope bulb 
blackened except for a small point which provided a red Mndow. The bright- 
ness of this small red dot was controlled by a rheostat so as to keep its intensity 
at or slightly above the threshold of the subject. 

Since 45 cm. is within the accommodation power of the emmetropic e 3 ''e, 
the question arises as to whether the pupil, diameter is influenced bj”- near ac- 
commodation, and if so, to what extent. Many subjects used here were myopic 
Mth a refractive error of —2.25 D or greater, so that in fixating at 45 cm. they 
relaxed accommodation, and their pupil diameter was not influenced. Luckiesh 
and Moss (1934) found that for the emmetropic eye, at a brightness level of 0.1 
milli-lambert, the pupil size remained at its maximum at fixational distances of 
60 cm. and beyond. At 45 cm. the pupil reached a diameter which was only 
slightb" less than the maximum. 

In any event this was kept a constant factor in these studies. Attempts were 
made to learn whether an increased pupillaiy size could be obtained by relaxing 
accommodation in the dark adapted eye. The effect was found to be neghgible. 

The camera used to photograph the pupil of the eye was the model J, Debrie 
35 mm. motion picture camera. It was provided with a Zeiss Biotar 50 mm. 
focal length, F 1.4, mounted so as to permit photography at a distance of 15 cm. 
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The camera was driven by a rod mechanism geared to a synchronous motor, 
SM, in figure 2. The gear ratio was 1 to 10 {GR) and when the camera was set 
to operate at one film per revolution, the complete cycle for taking a photograph 
was 4.2 seconds. A hand key, K 1, initiates the camera cycle by operating a 
mercury switch, HG.S. The rotation of the camera drive actuates a cam mech- 
anism, C, which closes a parallel electrical circuit K 2 to continue rotation until 
a position is reached where the photograph has been taken and the camera is 
arrested in preparation for the next cj-cle. 

The exposure time is varied by the opening or closing of the angular aperture 
of the camera shutter. With Eastman infrared film it was found that a lightly 
sputtered mirror required an angular exposure setting of the order of ^ of a 
second. 

The infrared source of light shown as RS in figure 1 has been fully descrilied 
elsewhere (Wagman, 1937: M.A. Thesis, Univ. of Calif. Library, Berkeley; 
Gullberg, Olmsted and Wagman, 1938). A 30-vo\t, 30 ampere motion picture 
projection lamp was used to olitain a concentrated beam of light emitting a large 
proportion of infrared energy. The tungsten lamp is used \iath a spherical 
reflector and two B. and L. Cinephor aspheric condensing lenses. A Wratten 
no. 87 filter was mounted 10.5 inches in front of the lenses, the whole unit being 
enclosed in a light-tight box provided irith adequate baffles for good air circula- 
tion. The 900 watt lamp ii’as controlled by a cai-bon plate rheostat and a Weston 
wattmeter. IVlien adjusted to operate at 400 watts such a lamp and filter 
contain only a small component of visible red in addition to infrared. The 
eye was illuminated at an angle of about 45 degrees and it was found that this 
residual visible red had no measurable effect upon the pupil. The subject’s 
head was held in position by a chin rest used in conjunction irith a rest for the 
cheek. When the subject’s eye was fixated above the target, the beam of light 
from the adapting instrument focused immediately upon the pupil which was 
also in focus for the camera. The eye could thus remain in a constant position 
dining the entire length of the experiment. The adaptometer was well shielded 
by a wooden hood and since the infrared source is essentially light-tight in the 
visible range, the experiments were performed in complete darkness. The 
experimenter used a small flashlight provided irith a red bulb to read instruments 
and check positions. 

The time interval in the course of pupillary dilatation was checked either 
b.y observing a watch or using a signal magnet connected in series mth key, 
K 1, and a time trace on a kymograph drum. 

At the beginning of each photographic series a millimeter scale was placed in 
the plane equivalent to the pupil position and photographed. This provided 
a reference scale for the measurement of pupil size. The films ivere developed 
in Eastman “D-19” developer to a considerable degree of contrast. These nega- 
tives used ivith a “Brinell” measuring microscope gave pupil diameter vith an 
accuracy of a fraction of a millimeter. 

Calibrations. The brightnesses of white light from the adapting instrument 
obtained with and mthout each of the neutral filters, and for fifteen points on the 
neutral wedge as well, were measured at the plane of the pupil where a piece 
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of -white blotting paper -was placed. The reflectance of this paper for white 
light had been accurately calibrated by the Department of Mechanical Engi- 
neering. The brightness on the blotting paper surface of each particular light 
intensity was measured by means of a Luckiesh and Ta 3 dor Brightness hleter 
placed three feet away from this surface. After accounting for the reflectance 
loss on the blotting paper surface, the apparent brightness at that point was 
obtained in foot-lamberts. From them the brightnesses given bj^ anj" combina- 
tion of filters and wedge could be determined. 

The Wratten Monochromatic filters were calibrated by an indirect method 
which has been used successfully by others. In addition to its being quite ac- 
curate, the method ehminates the effect of the infrared radiations which each of 
these filters transmit (Hecht, 1928; Gmndfest, 1932a, b; Graham and Hartline, 
1935; Hecht and Pirenne, 1940). 

The method consisted first in measuring the percentage transmission of each 
of the filters for everj'- ten milh-microns between 400 and 700 milli-microns,^ 
and the relative energj^ distribution in the specti-um of the 108 watt lamp while 
it was in its usual place in the adapting apparatus. The latter measurement was 
made bj’- determining the color temperature of the lamp in conjunction vdth the 
ground glass, the lenses, and the partially aluminated mirrors as thej'’ are set 
in the instrament. The color temperature was found to be 2980 degrees Kelvin-. 

The relative energy of the lamp at any wave length multiplied bj’- the trans- 
mission of a filter at that wave length gives the amount of energy transmitted 
b 3 '- the filter at that particular wave length. For each filter the energy trans- 
mission which was obtained for every ten milli-microns in the visible part of the 
spectrum only was plotted against wave length. The total relative energy 
transmitted by each filter was determined b 3 '^ measuring the area under its 
transmission cuiwe by means of a planimeter. 

The wave length which divides the curve into two equal areas was then deter- 
mined planimetrically. This wave length corresponds to the center of the energy 
transmitted b 3 ’- each filter in conjunction vith the lamp in the system, and is the 
wave length used in dealing -with the results obtained. The information gathered 
b 3 ’^ the above methods is given in table 1. 

The calibrations obtained b 3 '- the indirect method described were checked 
roughly, b 3 ’’ means of both a thermopile and Weston photronic cell, each used 
with a sensitive galvanometer. The results obtained b 3 '- both these latter 
methods agreed well Mth those slio-wm in table 1. 

The procedure used in studying the effect of white light on pupil diameter 
described by Wagman and Nathanson (1942) was used here as well. The effect 
of each of the seven wave lengths was measured at nine different points covering 
a range of from about five log relative energy units (at 688 m/z) to about eight 

^ We thank Dr. G. Mackinnej" of the Division of Fruit Products in the College of Agri- 
culture for allowing us to use the Bausch and Lomb spectrophotometer and for his help in 
determining these transmission values. 

= These measurements were kindly made by Mr. A. Collins of the Department of 
Mechanical Engineering on the campus. 
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log relative energy units (at 450 mix). A curve relating the log relative energy 
for each wave length to pujiil diameter in millimeters was drawn. 

Results. The data obtained on five subjects from the seven wave lengths’ 
are summarized in table 2. The pupil diameters represent averages for all sub- 
jects of all determinations taken at 10, 20, 30, 45 and 60 seconds after a particular 
light was thrown in the eye. The light remained 16.6 degrees visual angle 
throughout the experiments. 

. When pupil size is plotted against log intensity for each wave length, similar 
curves are obtained possessing a characteristic sigmoid shape, for white light and 
for lights of different wave lengths. Average values are used because there are 
slight differences from luading to reading. The difference.? are to be accounted 
for b}’- the fact that not only are there variations in pupil size from individual 
to individual, but also in the same individual from day to day (Reeves, 1918; 

TABLE 1 


Relative energies ajid central wave lengths of each of the Wratten monochromatic filters 


FILTER 1 

CENTRAL \VA%X LENGTH i 

REtATtVX ENERGY 

70 

milli-micTon! 

688 

13.333 

71A 

656 

6.610 

72 

613 

1.344 

73 

581 

3.236 

74 

532 

1.687 

75 

491 

1.703 

76 

450 

1.000 


Laurens, 1923; Cravfford, 1936). Since the measurements on each subject were 
made on different daj’-s over a period of several weeks, such variations are to be 
expected. 

The first measurement at each wave length was alwa 3 ’s the same pupil size 
as after a 20-minute stay in complete darkness. The first point for wave lengths 
688, 656 and 613 milli-microns is an average for all the threshold values deter- 
mined subjectively. No color could be detected at these intensities bv the dark 
adapted ej^e. At all other wave lengths, the first point is at an intensity which 
also does not give a color sensation to the dark adapted eye, but which is 
slightly above the threshold value for these lights. The pupil diameter at these 
points was always the same as it was after 20 minutes of dark adaptation. 

If all seven curves plotted from the data in table 2 are drawn to the same scale, 
it is possible to get a picture of the relative stimulating values of each wave 
length by determining the relative energy for each wave length necessary to 
cause a constant amount of pupillary constriction. By so doing it is found that 
491 milli-microns is the most effective wave length. If all curves are super- 
imposed it is found that the one for this wave length is farthest to the left. In 
other words, less energ^^ is required to cause a pupillaiy constriction of, say, 0.5 
mm. at this wave length than at any other. A wave length of 532 milli-microns 
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is slightly less effective in the dark adapted state. The other wave lengths in 
order of their decreasing effectiveness are: 450, 588, 613, 656 and 688 milli- 
microns. From a close inspection of the seven log-energy response curves ob- 
tained from the data of table 2, it can be seen that these curves maintain, on the 
whole, their relative positions throughout. There is no indication that the visi- 
bility curve, as determined here for a dark adapted eye, ever shows a cone re- 
sponse wdth a maximum visibility at about 580 milli-microns (Gibson and Tyndall, 
1923; Sloan, 1928). 

From this information the visibility curve may be determined. Visibility 
may be defined as the reciprocal of the relative energy necessary, at a given wave 
length, to produce a given constant physiological response. The visibility cuiwe 
may be obtained from the various response-log relative energj’' curves by using 
the method described by Hecht (1928). One can read off from the curves the 
abscissa values corresponding to a given response on the ordinate. The recipro- 
cals of these energj’’ values give the relative stimulating capacities of the different 

TABLE 2 


Pupillary diameters of the human subject at different wavelengths of light at various 

relative energies 


m 

millimicrons 

6S6 

iniilincRONS 

613 

MILLIMICRONS 

581 

MIIXICRONS 

532 

MILLIMICRONS 

491 

MILLIMICRONS 

450 

MILLIMICRONS 

Log 

relative 

energy 

Aver- 

age 

pupil 

diam- 

eter 

Log 

relative 

energy 

Aver- 

age 

pupil 

diam- 

eter 

fo? 

relative 

energy 

Aver- 

age, 

pupil 

diam- 

eters 

Log 

relative 

energy 

Aver- 

age 

pupil 

diam- 

eters 

.Log 

relative 

energy 

Aver- 

age 

pupil 

diam- 

eters 

Log 

relative 

energy 

Aver- 

age 

pupil 

diam- 

eters 

Log 

relative 

energy 

Aver- 

age 

pupil 

diam- 

eters 

2.4617 

6.2 

2.8888 

6.6 

4.5675 

6.8 

4.9735 

6.9 

5.2564 

6.7 

5.2523 

6.8 

5.4835 

6.5 

1.9890 

6.2 

2.2937 

6.5 

4.1332 

6.9 

3.7516 

6.7 

4.0345 

6.6 

4.0304 

6.2 

4.2616 

6.4 

0.2219 

5.8 

0.5266 

5.8 

2.9855 

6.8 

2.6039 

6.6 

2.8868 

6.1 

2.8827 

6.3 

S.1139 

6.4 

1.2213 

5.0 

0.9066 

5.1 

1.2184 

5.9 

6.8368 

5.8 

i.1197 

5.2 

1.1156 

5.4 

1.3468 

5.5 

2.1377 

4.5 

1.8330 

4.8 

0.2148 

5.5 

0.5964 

5.0 

0.3135 

4.4 

0.3176 

4.2 

0.0864 

4.5 

2.6381 

4.4 

2.3334 

4.4 

1.1412 

4.7 

1.5228 

4.6 

1.2399 

4.0 

1.2440 

4.1 

1.0128 

4.0 

2.8330 

4.0 

2.5283 

4.1 

1.6416 

4.4 

2.0232 

4.0 

1.7403 

3.6 

1.7444 

3.7 

1.5132 

3.8 

3.1249 

4.0 

2.8202 

3.6 

1.8365 

4.1 

2.2181 

3.8 

1.9352 

3.5 

1.9393 

3.5 

1.7081 

3.5 





2.1284 

3.9 

2.5100 

3.6 

2.2271 

3.1 

2.2312 

3.5 

2.0000 

3.5 


parts of the spectrum. The logarithm of the relative energj" is plotted against 
wave length to give the spectral sensibility curve. 

The given constant physiological response arbitrarily chosen was a pupil- 
lary contraction of 0.5 mm. (cf. Hecht and Pirenne; 1940). In measuring the 
0.5 mm. contraction, the starting point was taken as the average size of the com- 
pletely dark adapted pupil, neglecting the slight differences in these sizes. Since 
the curves are moi’e or less parallel, a contraction of anj'^ amount should give the 
same results. This has been tried and found to be true. 

The spectral sensibilitj" curve determined from the data is shown as the con- 
tinuous line in figure 3. The position of minimum energj" or the maximum 
visibility is found to be at 510 milli-microns. Visibility falls from this value to 
low values on either side of the red and violet. This curve is similar to the visi- 
bilitj" function for human rod vision as determined bj’ Hecht and Williams (1922) 
who found the maximum visibility to be at 511 milli-microns, and confirmed by 
the Avork of Sloan (1928). The classical dim visibilitj" cuive of Hecht and 
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Williams (1922) is reproduced in figure 3 as the dotted line. It is obvious that 
both curves agree extremely well, and both represent the spectral sensibility 
curve of the human eye at low intensities, or rod function. It is definite, from 
the results, that the rods do play a part in the control of pupillary size. _ This is 
in opposition to the view recently advanced by Brown and Page (1939) who have 
claimed that only the cones influence the movements of the pupil. They ar- 
rived at this conclusion merely because of their assumption that the curve of 
pupillaiy dilatation in darkness was similar to the curve of subjective dark 
adaptation. They claimed, from these considerations, that where the pupil 
showed a rod visibility curve, it resulted “from transmission of excitation from 
the rods vathin or outside the macula to optic nerve fibers leading off from cones” 
which control pupil constriction. This implies that when the cones are stimu- 
lated in this manner they cause the pupil to give a false impression of having 
nervous connections from the rods. This is rather unreasonable,” since the cones 



Fig. 3. The human dim vision spectral sensitivity curve (continuous line) as determined 
by pupil diameter measurements. The dotted line represents the same curve from data 
determined subjectively by Hecht and Williams (1922), The latter curve has been placed 
slightly below the former so that the maxima of the two may be compared. 

would show similar responses once thej'- are stimulated, no matter whether they 
are stimulated directly or their corresponding optic nert^e fibers are stimulated 
indirectly. 

That the rods, in addition to the cones, influence pupil size is borne out b 3 ’’ the 
previous investigations. Both Engelking (1922) and Hess (1909) showed that 
the pupil in a totalty color blind eye constricted and dilated, although more slowh’’ 
than in the normal ej'^e. Abelsdorff and Feilchenfeld (1904) showed that ivhen 
the dark adapted eye was stimulated hy a large area, the center of which was 
black, the pupil reflex was evoked. Finally, we have noticed that a distinct 
pupillary constriction of about 0.5 mm. in the dark adapted eye is obtained bj’- 
any wave length of light at intensities which are above the visual threshold but 
which appear colorless to the subject. 

The previous attempt of Laurens (1923) to portray spectral visibility curves 
from measurements of pupillary size does not meet vdth the requirements de- 
manded by the classical definition of such curves, since instead of measuring 
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the relative energy to produce the same phj^siological effect, he determined the 
relative amount of phs'-siological effect produced by different wave lengths in an 
equal energy spectrum. The curve in figure 1 is based upon the classical re- 
quirements, and when it is compared A\ith other data, it is seen that it not only 
coincides with the dim visibility curve of the human eye, but also with the absorp- 
tion spectrum of visual purple. Thus the evidence that the visibility'’ curve as 
measured in this investigation is a rod function is strengthened. 

SUaiMARY 

A new infrared photographic method for measuring pupil diameter under any 
condition of light adaptation is described. It is found that the human dim 
visibility curve obtained by relating pupil diarneter to intensity of different 
monochromatic lights has its maximum at 510 milli-microns. It is similar in all 
respects to the classical dim visibility curves and to the absorption spectrum of 
visual purple. It is therefore believed that the pupil size relative to light 
stimulation is under the control of fibers activated by the rods of the retina, 
as well as the cones. 

We wish to thank Prof. J. M. D. Olmsted for his advice and co-operation during 
the course of these experiments. 
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The monophasic injury curve is recorded during ventricular systole by con- 
necting an electrode on an injured area of the exposed ventricle through a gal- 
vanometer to another electrode on another part of the body. The records ob- 
tained show the development of a relative positixdty of the electrode on the 
injured area with respect to the other electrode during the period of electrical 
systole. On occasion, a region of relative negativity may develop simultaneously 
in tire immediate neighborhood of the injured area during electrical systole (1). 
Not only does the injured region become relatively positive to the second elec- 
trode during electrical systole, but it becomes relativel}^ negative during elec- 
trical diastole (2, 3). Further, the duration of the monophasic injuiy current 
(in bipolar leads) is' affected by changing the location of the electrode on unin- 
jured re^ons but not by changing the location of the injured region (and the 
electrode placed on it) (4). The duration of the monophasic current is also al- 
tered by chemicals when they are placed on the region of the uninjured area of 
electrode but not when placed on the region of the injured area of electrode (4). 

We have pointed out (3) that these obseiwations could best be correlated with 
the classical membrane theory and that the primary source and sink of the cur- 
rents was in the electrically polarized membrane. At that time we advanced the 
view' that the cell membranes in the injured region could be considered as being 
in one of four states: a, normal resting polarity across the cell membrane during 
both diastole and s^^stole — the injured area being unresponsive (5) ; b, no polarity 
across the cell membranes during either diastole or systole; c, partial polarity 
across the cell membranes only during diastole with no polarity during S 3 ’'stole — 
the re^on being responsive; or d, partial polarity across the cell membranes 
during both diastole and systole — the injured area being unresponsive . Situation 
d fitted the observations of Eyster, Meek et al. (and our own) on the reversal 
of the potential of the injured area with respect to that existing in uninjured 
areas. 

We felt that these view^s might further be clarified by model experiments. For 
this purpose, the situation of the heart in the body can be imitated in principle by 
tw^o metal rings placed in a large dish filled Avith saline in such a Avay that the dish 
is completely divided into three compartments. The compartment outside the 
outer ring represents the body field outside the heart; the compartment betAA^een 
the inner and outer rings represents the cell membrane itself separating the 
charges on its tAvo sides in the normal polarized resting state of the cell; and the 
compartment inside the inner ring represents the cell interior. The outer and 

^ Aided by the A. D. Nast Fund for Cardiac Research. 
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inner rings, connected to a source of positive and negative potential represent, 
respectively the positively charged outer surface and the negatively charged 
inner surface of the resting cell membrane, according to the classical membrane 
theory. The fact that the geometric pattern of the syncytium of the heart is 
infinitely complex does not alter the fact that in its normal resting state the heart 
is not a simple bipole, iDut the equivalent of an inner negative pole complete!}'' 
surrounded by an outer positive pole, as represented in simple form by our model. 
In a three dimensional model this would require one sphere vithin another with 
similar complete compartment separation. If such a model is employed and the 
electrical field determined^ it should give a clue to the potential differences ex- 
isting in the body as contributed by the heart when the latter is in its resting 
polarized state. 

We found that no potential difference existed in the outside compartment, the 
potential being identical throughout Avith that of the outer of the two metal 
rings^. Hence, during the resting polarized state of the heart existing during 
diastole, the body vill haA'e the same potential as the outside of the polarized cell 
membrane of the heart syncytiunri. Similarly it Avas found that the compart- 
ment inside the inner ring had everyAA'here the same potential as the inner ring, 
that is to say, the potential inside the syncytial cell of the heart is the same as that 
on the inner surface of the cell membrane Avhen the cell is in the resting polarized 
state. It is, hoAA'-ever, different from that outside the cell. BetAA-een the two 
rings there is a steep potential gradient going from outer to inner ring, the 
equipotential lines being circles concentric Avith the rings. 

If in such a model the tAvo rings are discharged so that no potential differ- 
ences exist, the entire electrical field disappears and all parts of the three compart- 
ments are at the same potential, the potential of ground. Thus it is obvious that 
both in the completely polarized state of rest during diastole, and in the com- 
pletely depolarized state during systole, a unipolar connection aatU shoAV the 

- Method. The tAvo metal rings, 3" and 4" respectively in diameter and 1" high are set 
concentrically in a bakelite base and immersed in the center of a large shalloAV dish filled 
■vs’ith approximately 10 per cent saline. The dish was a varnished Avooden tray , 21" x 24" x 2" . 
The voltage supply for the rings and the ring segments is obtained from a potentiometer 
connected across a source of 110 V.A.C. Avith center point grounded. An exploring electrode 
is connected through a pair of headphones to the sliding contact of the potentiometer. 
Thus, using the headphones as a null detector, isopotential lines may be plotted in the field 
at any desired intervals, the voltage of the exploring electrode AA'ith respect to ground 
being measured with a high resistance voltmeter for each position of the potentiometer 
slider. The metal rings rested on the bottom of the tray and emerged from the saline bath. 

^ If the outside field is not connected to ground, this AA'ill be some value more positive than 
ground. 

' our experiments each ring AA'as connected to the potentiometer by a wire fastened to 
one point on the circumference. Thus there was a small circumferential potential gradient 
along each ring, and consequent! j- a slight potential gradient in the inner and outer com- 
partments. Strictly speaking, the potential of the two rings AA’as -f-5 and —5 respectively 
only at the point of connection of the lead wires. If, instead of the rings, the electrodes 
had consisted of two coaxial cones with the lead AA'ires connected to their apices, there 
AA'ouId haA’e been no circumferential potential gradient and hence no gradient in the outer 
and inner compartments. 
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distant electrode to be at the same potential as the electrode on or close to the 
heart’s surface. Since the potential of the heart’s surface is not the same in 
diastole as in systole, it is obvious that the potential of the distant electrode also 
is not unchanged between diastole and s^'^stole. The distant electrode cannot, 
therefore, be considered “indifferent” in the sense that it remains at constant 
potential. The illusion that distance makes the electrical effect of the heart less 
is not borne out when comparing the completely polarized vith the completely 
depolarized state in the uninjured heart. These observations further demon- 
strate the need of signifying precisely what reference potential is intended when 
speaking of relative positivity or relative negativity. Failure to do this, we fear, 
has led to some of the apparent contradictions in the literature. 

Let us try to imitate in the model the state of affairs outlined in d above, 
namel}^ an injured region in ivhich the cell membrane is only partiall}’ polarized 
during the resting polarized state in diastole of the rest of the ventricles, and re- 
maining in tliis state because it is unresponsive during the systole of the rest of 
the ventricles. In order to imitate this condition in the simplified model the two 
rings were split into a smaller and a larger set of segments (see fig. 1), the smaller 
segments having a lesser potential difference between them than the larger ones. 
The former set thus represents the injured region which is onlj’’ partially pol- 
arized, and the latter set, the remaining uninjured cell. The three compart- 
ments of the field are now no longer completely separated. As figure 1 shows, the 
entire outside compartment is still positive but not of unifonn potential, the 
potential being greater near the larger segment than near the smaller, and the 
potential at more distant points being greater on that side of the field in which 
the larger segments lie than on the side of the smaller segments, the potential 
difference betiveen the two sides declining as the outer portions of the field are 
reached. In short, w^hile the entire external compartment is positive with 
respect to ground, its potential is not uniform, currents will floAv, and the region 
in the neighborhood of the injured part will be relatively negative to the resting 
polarized uninjured cell (2, 3). The resting injury current is thus due to the in- 
complete polarization of the injured region. 

The inner compartment, equivalent to the cell interior in the heart, will 
also show potential differences although all parts will be negative with respect to 
ground. Thus, the resting injury current flows not onb"^ in the external field 
but within the cell sjmcytium as wull. 

During electrical systole, the membrane of the uninjured portion of the .sjm- 
cytial cell becomes depolarized, hence the large segments will no longer be 
charged, while the small segments will retain their charge as in diastole. The 
field under these circumstances for the model is illustrated in figure 3. The large 
segments are removed here because, being made of metal, the}^ are a better con- 
ductor than the saline bath and so would distort the field. 

There is no longer any separation w'hatever into compartments. Both nega- 
tive and positive charges are exposed to the entire external field. While in tliis 
particular experiment the zero line and negative field are still within the area 
formerly covered by the inner compartment, this could be changed by u.sing 



Fig. 1. Distribution of potential around two segmented metal rings, repr^en in,, e 
electrical field around an injured heart during the resting polarize state. 
smaller segments, representing the partially polarized injured region o t e syncy ° 
membrane, is connected to a source of smaller voltage than that supp ® arger 

pletely polarized” uninjured segments. The lines represent equipoten la ‘ 

volt apart. The figures represent volts. Spot A is at a distant point m t e e , ^ 

the “injured” region; C is near the junction of the “injured” and unmjure region , 

D is near the “uninjured” region. Discussed in text. 



Fig. 2. Diagram illustrating how the potential with respect to ground of two points A 
and B in a field may change without affecting the potential difference between ten 
points. Discussed in te.xt. 
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Fig. 3. Distribution of potential around two small metal segments, representing the 
electrical field of an injured heart during the completely activated state. The large seg- 
ments of figure 1, now being completely depolarized, have been removed, and the only 
remaining source of potential is the pair of small segments representing a partially polar- 
ized, injured unresponsive region of the cell membrane. Conventions as in figure 1. 
Discussed in text. 



Fig. 4. Diagram illustrating that the direction and magnitude of changes in the potential 
difference between two points A and B in a field give no indication of the changes in poten- 
tial of each point with respect to ground. Discussed in text. 
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smaller segments for the “injured unresponsive region” and then the negative 
field would extend outside the confines of the “cell”. 

In the state of sj’stole as depicted in figure 3, the outer portions of the field are 
still positive with respect to ground, but, unlike the conditions in diastole in 
figure 1, now the potential is more positive on the side of the field toward the 
“area of partially polarized unresponsive.injury”. Thus an electrode on or near 
the surface of the “injured region” will be relatively positive to any distant elec- 
trode (unipolar lead) or to any electrode on an “uninjured responsive part” of, 
the model (bipolar lead) . In short, the activity injuiy current vail be the reverse 
of the resting injury current (2, 3). 

This can be illustrated bj'^ companng the potential difference existing in figures 
1 and 3 between distant point A and point B close to the “injured region”. 

In figure 1, A = -t-3.9 v. and B = +3.6 v. so that B is 0.3 v. less than A. In 
figure 3, however, A = +1.8v. and B = +3.0 v. so that B is now 1.2 v. more 
than A . Thus at rest B over the injured region is relatively negative with respect 
to the distant electrode A. After activation, however, B over the injured region 
is relativel.y positive with respect to the distant electrode A. Yet, the change in 
potential between figures 1 and 3 has been greater in the distant electrode, 3.0 v. 
— 1.8 V. or a drop of 1.2 v., than in the electrode B 3.6 v. — 3.0 v. or a drop of 
0.6 V. Surely the distant electrode is not “indifferent” in this instance. 

Similarly a bipolar connection between B and D, the latter on an uninjured 
region, vdll show a similar trend. In figure 1,B = +3.6 v. and D = +4.8 v. so 
that B is 1.2 v. le.ss than D. In figure 3, B is +3.0 v. and D +0.7 v. so that 
B is 2.3 V. more than D. Thus at rest B, over the injured region is relatively 
negative with respect to D over the uninjured region. After activation, how- 
ever, B over the injured region is relatively positive with respect to D over the 
uninjured region. Yet, the change in potential between figures 1 and 3 has been 
greater over the uninjured, 4.8 v. — 0.7 v. a drop of 4.1 v., than over the injured 
region, 3.6 v. — 3.0 v. or a drop of 0.6 v. 

It is thus obvious that the changes noted by Eyster, Meek et al. (2) which we 
confirmed (3), do not imply that the injured region is the source for the mono- 
phasic action current since the potential in this region is actually little altered 
during activity of the heart. The results indicate that the change in potential 
caused by depolarization of the uninjured membrane is responsible for the 
monophasic action current. This would accord also vnth the effects we noted 
on the duration of the monophasic cuiwe. 

The observation that a point in the neighborhood of the injured area becomes 
negative relative to a distant point durfng S 3 '^stole at the same time that a point 
on the injured area becomes positive relative to this distant point (1) can also be 
demonstrated to occur in this model. If, for example, point A in figures 1 and 3 
is compared vdth point C near the smaller “injured” segments, it will be found 
that unlike B wliich becomes relatively positive to points A and D during de- 
polarization, spot C becomes relativelj’’ negative to these points, viz., in figure 1, 
A = +3.9 V. and C = +4.2 v. so that C is 0.3 v. greater than A. At rest, C is 
positive relative to A while B is negative relatiA^e to A. In figure 3, A = +1.8 v. 
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and C = +1.3 v., so that C is 0.5 v. less than A. In the activated state, C is 
relatively negative to A whereas B is relatively positive. Therefore, in the 
change from the resting to the active state spot C became 0.8 v. relatively nega- 
tive to A, at the same time that spot B became 1.5 v. relatively positive to A. 

This model accounts for all the findings observed in the experiments on the 
animal. It can therefore be concluded that the monophasic action current in 
the more complex situation of the cell syncytium is determined primarilj" by the 
depolarization and repolarization in the uninjured areas of the heart; the injured 
area can be conceived as partially depolarized and unresponsive as the result of 
injury. This state of unchanged polaritj’- in the injured area alters the elec- 
trical field during the polarized state of the heart in diastole and the depolarized 
state in systole from those existing in like periods before injuiy occurred. Only 
in this sense can the injury be considered to contribute to the monophasic action 
current of injury. The actual change in the field, however, between diastole and 
systole is caused by alterations in the electrical state of the uninjured part of the 
heart. There is, therefore, no need to accept the contraiy interpretation (1, 2) 
that the monophasic action current is due to potential changes in the injured 
region. The classical membrane theorj- adequately accounts for all the facts of 
the monophasic injury current. 

Our results further emphasize one other important fact, namely, that distance 
from the heart does not exclude the possibility of large changes in potential during 
the heart cycle. As pointed out in the uninjured cell, the potential in distant 
regions changes as much as that near the cell between the completely polarized 
and depolarized states, and in the model with “injury”, the distant electrode may 
show greater changes in potential than regions near the heart. 

A similar interpretation of the source of the monophasic action current would 
apply if the state of the injured cell were either that of a or b above (p. 779). 
In the former case no change in potential would occur in the injured area since 
polarization is present to the same extent during systole and diastole; in the 
latter case no change in potential would occur in the injured region since de- 
polarization persists during the entire heart cycle. The monophasic injuiy curve 
is therefore also due in these cases to the ijrocess of depolarization and repolari- 
zation of the uninjured part of the cell. However, the reversal of relative po- 
tential in the neighborhood of the injured area during activation of the heart 
would not occur in these circumstances. This would also exclude a partially 
depolarized state in the injured area during diastole, responsive in systole, con- 
dition c. However, only in this latter circumstance could the injured region 
conceivably contribute to the monophasic action potential since its polarity 
would alter. 

It is apparent, therefore, that the whole electrical field of the heart must be 
examined under varying circumstances in order to elucidate the true origin of the 
wonophasic action current, or of the resting and activity injury currents. This 
can be aided bj^ model experiments. It cannot be achieved merely by com- 
paring the alterations in potential of two spots in the electrical field in terms i-ela- 
tive to each other since this implies that the potential of the spot used as a refer- 
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ence point is unchanged during the heart cj-cle with respect to ground potential 
and this is a fallacious assumption as the present study shows. This may be 
made clearer by reference to figures 2 and 4. Figure 2 shows that the actual po- 
tentials of two points in the field ndth reference to ground may change without 
altering the potential difference between them, and figure 4 indicates that there is 
no parallelism in the magnitude or direction of the actual changes in potential of 
the two points -with respect to ground and the magnitude or direction of the po- 
tential difference between them. 

These deductions, based on model experiments require confirmation in the ani- 
mal since conditions in the latter are more complex as regards 1, the relative 
sizes of the polarized cell membrane, the injured area, and the field 2, the non- 
homogeneity in conductivity of the field, and .3, the electrical character of the 
surface of the body, the field boundary. However, Ave are inclined to view our 
results vfith the model as qualitatively valid because they are in accord Awth ob- 
served changes in the animal. 


SmUMARY 

The electrical field Avas explored in models made to represent in simple form the 
syncjffial cell of a normal heart and a heart AAath an injured, unresponsh’^e area. 
In the “normal heart” model during electi-ical diastole the entire external or body 
field was found to be an equipotential region at the same potential as the external 
suiiace of the “polarized cell membrane”, i.e., positive with respect to ground. 
During electrical systole Avhen depolarization Avas complete the entire field Avas at 
ground potential. 

In the “injured heart” model during electrical diastole the external field Avas 
still positive throughout Avith respect to ground; hoAvever, it Avas no longer an 
equipotential region because the “injured region” was only partially polarized. 
This led to the flow' of the resting injury current. During electrical systole the 
potential distribution in the field Avas altered due to the depolarization of “unin- 
jured” portions of the “cell membrane”, AAdiile the “injured region”, being un- 
responsiA’^e, retained its partial polarization. This gave rise to the acthaty injury 
current. It Avas shown Avith these models that distant points in the external field 
may experience large changes in potential AA'ith respect to ground betAA'een diastole 
and systole, and so cannot be considered to be indifferent. Further, the resting 
injury current and the activity injuiy current and hence the monophasic curA-e of 
injury can be explained in these models on the basis of the classical membrane 
theory. The actwity injury current is shoAATi to be due to the depolarization of 
uninjured regions and not to any process occurring AAathin the injured area. 
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